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Given the proliferation of bouncing models in recent years, we gather and critically assess these
proposals in a comprehensive review. The PLANCK data shows an unmistakably red, quasi scale-
invariant, purely adiabatic primordial power spectrum and no primary non-Gaussianities. While
these observations are consistent with inflationary predictions, bouncing cosmologies aspire to pro-
vide an alternative framework to explain them. Such models face many problems, both of the purely
theoretical kind, such as the necessity of violating the NEC and instabilities, and at the cosmological
application level, as exemplified by the possible presence of shear. We provide a pedagogical intro-
duction to these problems and also assess the fitness of different proposals with respect to the data.
For example, many models predict a slightly blue spectrum and must be fine-tuned to generate a
red spectral index; as a side effect, large non-Gaussianities often result.
We highlight several promising attempts to violate the NEC without introducing dangerous insta-
bilities at the classical and/or quantum level. If primordial gravitational waves are observed, certain
bouncing cosmologies, such as the cyclic scenario, are in trouble, while others remain valid. We con-
clude that, while most bouncing cosmologies are far from providing an alternative to the inflationary
paradigm, a handful of interesting proposals have surfaced, which warrant further research. The
constraints and lessons learned as laid out in this review might guide future research.
PACS numbers: 98.80.Es, 98.80.Cq, 98.80.-k
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I. INTRODUCTION
It is often stated nowadays that cosmology has entered
a regime of precision somewhat comparable to particle
physics [1, 2]. Although probably an exaggeration, there
is a grain of truth in such a statement: based on the
PLANCK data1, researchers have begun not only to dis-
criminate between frameworks, but also to argue in favor
of specific mechanisms. Indeed, with a purely Gaussian
signal and a scalar spectral index strictly less than unity
(at the 5σ level), but close to scale invariance, and no
isocurvature contribution at any detectable level, it is
hard to imagine any mechanism not based on quantum
vacuum fluctuations of a single effective scalar field. In-
flation [4] thus appears, contrary to what has been stated
[5, 6], the most fashionable [7–12] and some might say
natural [13, 14] candidate to explain the data (it has been
argued that inflation with its wide range of possible pre-
dictions is unverifiable and thus untenable and not in the
1 We also take into consideration the BICEP2 data [3], pending
independent confirmation.
realm of science; if such an argument were valid, the same
could be said about the quantum field theory paradigm,
which also needs a specific implementation to be put to
the test experimentally – see also [15]).
Being the most fashionable candidate, however, does
not make inflation true, and before we can confidently
say that a phase of inflation took place, assuming there
will ever be such a time, we need to make sure that all
other possibilities are ruled out. To our knowledge, this is
the case for most of the other proposals to generate large
scale structures, such as seeding fluctuations by a cosmic
string network [16–18]. Apart from models of an emerg-
ing universe in string gas cosmology [19, 20], all viable
nonsingular alternatives to date replace the primordial
singularity by a bounce connecting a contracting phase
to the currently expanding one.
We concentrate on pure alternatives to inflation, i.e. we
do not consider the otherwise well-justified models in
which a bounce is followed by a phase of inflation [21–
25]. Such models naturally get the best of both ideas and
should be considered in view of addressing the question of
the primordial singularity in the inflationary paradigm.
The purpose of this work is to review models that aim
to explain observations by mechanisms in a bouncing
universe and to provide a critical assessment. We be-
lieve it is useful to know not only the strength but also
the weaknesses of a given approach to find possible cures
and to yield a better understanding of these models. If
all possible alternatives turn out to be irreconcilable with
the given data, the inflationary paradigm would not be
proven, but our confidence in it would increase consid-
erably; if the primordial gravitational wave background
level is sufficiently high, as would be the case if [3] and
its interpretation is confirmed, there is hope to verify the
inflationary consistency relation between the tensor spec-
tral index n
T
and the tensor-to-scalar ratio r; this would
put all models featured in this review in difficulty.
A. Why is there a necessity for alternative models
to inflation?
How can we accurately describe the 13.8 billion year
evolution of our Universe? The standard model of the
early Universe can be traced back to several seminal ob-
servations: galaxies are receding faster the further away
they are, indicating an expanding universe [26]; the cos-
mic microwave background radiation (CMBR) is highly
isotropic and the expansion is accelerating [27, 28]; this
acceleration is attributed to an unknown component,
dark energy. Big bang cosmology accounts for the Hub-
ble expansion and predicts the existence of the CMBR.
The abundance of light elements can be computed, and
their values agree with observations, with the possible
exception of 7Li (see [29] for a recent review). Moreover,
numerical simulations [30] of large scale structure forma-
tion based on what we believe to be the relevant initial
conditions, as deduced from the properties of the CMBR,
3reproduce well the observed features of the actual distri-
bution: at first sight, the standard hot big bang model
successfully provides a description of the Universe back
to a fraction of a second after its birth until today with
amazing precision; it is hard to overestimate the success
that such a model represents in a science that a century
ago did not exist.
However successful from a fraction of a second onward,
the simple hot big bang model is plagued by several
problems when extrapolated backwards in time: it be-
gins with an initial singularity leading to a tiny horizon,
without an explanation for the vanishingly small spatial
curvature, it does not explain why baryons should have
been formed in an asymmetric way (with respect to an-
tibaryons), why exotic relics are absent or how the den-
sity fluctuations, from which large-scale structures de-
veloped, are seeded. Most of these problems can be ad-
dressed by postulating an inflationary phase [4], i.e. a
period of accelerated expansion taking place during the
early stages of our Universe; however, the existence of a
primeval singularity is not modified in the inflationary
framework, which remains geodesically incomplete [31].
Originally conceived in order to rid the hot big bang
model from the Grand Unified Theory (GUT) monopole
problem, inflation has rapidly been developed to become
a paradigm of modern theoretical cosmology. The sim-
plest models of inflation not only solve the horizon and
flatness problems, but they also predict, as an initially
unexpected bonus, the statistical properties of temper-
ature fluctuations in the CMBR, in full agreement with
the most recent observations. However, from a theoreti-
cal point of view, inflation is not free of problems. First,
in large field models of inflation, the inflaton has to tra-
verse a distance in field space larger than the Planck mass
M
Pl
in natural units. This has been argued to be prob-
lematic, since non-renormalizable quantum corrections
to the field’s action arise. In the absence of functional
fine-tuning or additional symmetries, inflation would be
spoiled; this is known as the η problem of inflation. Small
field models are more appealing, but also fine-tuned, for
instance to account for the proper amplitude of the power
spectrum. An exhaustive review and comparison of sin-
gle field models with the PLANCK data is given in [10, 11].
However, if the BICEP2 detection of gravitational waves
were confirmed, all of these small field models would be
in trouble [32]. Foreground emission studies using the
BICEP1 and BICEP2 data suggest that the background
and a gravitational wave signal are indistinguishable in
this region [33, 34]. See Sec.IV D for more details and
[12] for a recent review of inflation in string theory post
BICEP2. Second, the presence of eternal inflation in al-
most all proposals has been argued to lead to a possi-
ble loss of predictability due to our inability to prescribe
a unique measure [5, 6]: this is the so-called measure
problem (see however [13, 14]). Third, inflation does not
provide a theory of initial conditions that would explain
why the inflaton field starts out high in its potential. A
related issue is the low initial entropy of the initial state
that has to be assumed, just as in big bang cosmology;
this is known as the entropy problem. Fourth, the initial
singularity, as visible in curvature invariants, does not
disappear, but is merely pushed into the past; this may
stem from the strict use of General Relativity (GR). Some
of these problems could have an environmental solution
in terms of the anthropic principle in a wide landscape of
otherwise uninhabitable solutions. See [14] for a recent
review on these topics; it should be noted that the mea-
sure problem may render a quantification of anthropic
arguments challenging.
These problems of inflation have fueled the search for
alternatives, most of which have not passed the CMBR
constraints. A seemingly viable alternative, which also
provides a GR-compatible solution to the singularity
problem, relies on a nonsingular bouncing cosmology
[35, 36], whereby an initially contracting phase connects
with the currently expanding one through some minimal
scale factor (and hence a vanishing Hubble rate). These
models have a history that predates inflationary solu-
tions by many decades, as they were proposed shortly
after the first observations of the expansion [26, 37] by
Tolman [38] and Lemaˆıtre [39, 40] (see also [41] for a
more modern viewpoint concerning Tolman’s cyclic ap-
proach): at this time, the expansion appeared to imply
that Einstein’s theory of gravity was doomed to fail, as
the scale factor reaches infinitesimally small values, such
that the Universe emerges from a primordial singular-
ity. This singularity problem was ignored for many years
as interest in cosmology faded among physicists, until
it reemerged in the early 1980s [42, 43], when GR was
again perceived as not only a mathematically entertain-
ing theory, but also as a physically relevant description
on large scales. Shortly thereafter, cosmological inflation
was proposed [4], see [8, 12, 44] for reviews, and bounc-
ing cosmologies faded again into oblivion as researchers
focused on developing the inflationary framework.
In parallel, string theorists investigated cosmological
solutions in dilaton gravity, leading to the pre-big bang
(PBB) scenario, which was the first attempt to im-
plement a non singular bounce within this framework;
Ref. [45] presents a comprehensive review of this model.
The universe starts out empty and flat, with the dilaton
in the weak coupling regime. As the dilaton evolves to-
wards strong coupling, a transition from pre- to post big
bang was though to occur in the strong coupling regime,
which appears as a bounce in the Jordan frame (but not
in the Einstein frame). While ultimately not a successful
model of the early universe, as detailed in Ref. [45], the
pre-big bang scenario paved the way for bouncing sce-
narios, which employ many of the ideas and techniques
of the PBB. Thus, bouncing cosmologies resurfaced to
provide a challenge or merely a working alternative to
the inflationary paradigm, see e.g. [46–48] among many
other proposals. Over the last years, considerable effort
has been made in developing well-behaved, nonsingular
and singular bouncing models. Our goal is to critically
review these new developments. A prior review [36] con-
4centrated on quite different categories of models, while
this work aims at discussing more widely held views.
B. What is used to get a bounce?
To achieve a bounce, the Hubble rate H, which
emerges from the contracting phase with a negative
value, must increase, since it is positive during the subse-
quent expanding phase. There are two options to increase
the Hubble rate from negative to positive: the first one
operates within General Relativity and hence usually re-
quires the violation of the null energy condition, NEC,
ρ+P ≥ 0 [47]: Einstein equations (6), as provided in the
next section, indeed imply that the time derivative of the
Hubble rate reads
H˙ =
K
a2
− 1
2
(ρ+ P ) , (1)
so that when the spatial sections are flat (K → 0), H˙ > 0
definitely demands ρ + P < 0. A generic consequence
of violating the null energy condition is the appearance
of fields with negative kinetic energy: ghosts; a crucial
point in bouncing models is actually to construct a regu-
lar model in which such ghosts are absent while still hav-
ing a bouncing phase. It is possible to generate a bounce
in the presence of curvature K = 1 without violating the
NEC, but only the strong energy condition, SEC, which
demands ρ+ P ≥ 0 and ρ+ 3P ≥ 0, see [22, 49] for con-
crete models. Such a bounce could leave some amount of
spatial curvature in the expanding phase, whose ampli-
tude may require a subsequent inflationary phase to di-
lute it, hence possibly ruining the alternative-to-inflation
program (as emphasized above, we shall not be concerned
here with the mixed models in which a bounce permits
to avoid a primordial singularity while a subsequent in-
flation phase solves the other puzzles of the standard hot
big-bang model).
The second option is to allow for a classically singu-
lar bounce. Here the scale factor actually vanishes and
as such, four-dimensional General Relativity ceases to be
valid close to the bounce. Pragmatically, the contract-
ing phase is often matched to the expanding one within
GR under the assumption that the actual bounce leaves
observables unaffected. In the words of [50]: “[...] the
Universe contracts towards a “big crunch” until the scale
factor a(t) is so small that quantum gravity effects become
important. The presumption is that these quantum grav-
ity effects introduce deviations from conventional general
relativity and produce a bounce that preserves the smooth,
flat conditions achieved during the ultra-slow contraction
phase”. One thus assumes all goes roughly unchanged on
the cosmologically interesting scales through the other-
wise quantum gravity dominated phase.
This matching procedure is not as easy as it ap-
pears at first sight, because ambiguities arise when try-
ing to impose the Deruelle-Mukanov matching conditions
to cosmological perturbations [51]; see Sec. IV F. At-
tempts have been made to employ methods akin to the
AdS/CFT correspondence to a singular bounce [52–54],
see Sec. II D, with limited success. An intriguing proposal
by Bars et al. in [55–61] allows to trace the evolution of
the universe unambiguously through a singular bounce
via a brief antigravity phase, see Sec. II E; however, a
computation of observables in this framework has not
been performed yet. Thus, a non-perturbative treatment
of singular bounces within string theory is desirable to
assess not only the viability of the bounce itself, but also
to unambiguously compute observables in the subsequent
expanding phase.
To obtain a nonsingular bounce without introducing
ghosts is challenging, but phenomenologically, it appears
possible to produce an instability-free bounce by in-
troducing new matter fields, such as ghost condensates
[62, 63], galileons [64], quintom fields [65], S-branes [66],
a gravitational action that allows higher derivative terms
[67, 68] or change the way gravity couples to matter [69],
among other proposals. An implementation of these pro-
posals within string theory is desirable, but still miss-
ing. For example, trying to implement ghost condensates
into a supersymmetric setting appears to generically re-
introduce ghosts via the superpartners [70]. However,
a nonsingular cosmic super-bounce in N = 1 supergrav-
ity, based on a ghost condensate and galileon scalar field
theories, was found in [71], where it was shown that per-
turbative ghost instabilities can be avoided; further, per-
turbations are well-behaved and nonsingular so that the
pre-bounce spectrum is unaffected on large scales by the
bounce [72]. Such models appear promising.
A final word of caution: all bouncing cosmological
models, as most inflationary ones, come from theories
whose motivation is usually unrelated with its capabil-
ity to produce a bounce. An example is provided by the
Horˇava-Lifshitz theory whose bounce implementation is
described in Sec. II I 1: the goal of this proposal was to
provide a renormalizable version of quantum gravity. We
shall not expand on those external motivations, but con-
centrate on the relevant bouncing models they induce;
nevertheless, we provide the relevant references so that
the reader may critically assess the viability of the re-
spective framework.
C. Notation and conventions
Unless explicitly stated otherwise, we use the
Friedmann-Lemaˆıtre-Robertson-Walker (FLRW) metric,
given by the line element
ds2 = −dt2 + a2(t)γijdxidxj , (2)
where the spatial part takes the form
γij ≡ δij(
1 +
K
4
δmnx
mxn
)2 , (3)
5depending on the constant K (the spatial curvature).
This constant can be rescaled to K = −1, 0, 1 for an
open, flat or closed universe respectively.
We work in natural units where
~ = c = 8piG
N
≡ 1, (4)
so that the Planck mass M
Pl
≡ G−1/2
N
is dimension-
less; occasionally, we shall write it explicitly to emphasize
quantum gravity points.
In the presence of a fluid with energy density ρ, pres-
sure P , and stress-energy tensor
Tµν = (ρ+ P )uµuν + Pgµν , (5)
with uµ a timelike vector, the Einstein equations read
H2 +
K
a2
=
1
3
ρ and H˙+H2 =
a¨
a
= −1
6
(ρ+ 3P ) , (6)
where the Hubble rate H is defined by H ≡ a˙/a, and an
overdot denotes a derivative w.r.t. cosmic time t. Eqs. (6)
can also be written in the equivalent form
H2 +K = 1
3
ρa2 and H′ = −1
6
a2 (ρ+ 3P ) , (7)
obtained from the transformation to conformal time η,
defined through dt = adη; derivatives w.r.t. η are denoted
by a prime and the conformal Hubble rate is H ≡ a′/a.
Conservation of (5), i.e. ∇µTµν = 0, entails
ρ˙+ 3H (ρ+ P ) = 0 ⇔ ρ′ + 3H (ρ+ P ) = 0. (8)
The usual Lagrangian for a scalar field with canonical
kinetic term and potential reads
Lcan [φ (x)] = −1
2
(∂φ)
2 − V (φ), (9)
leading to
ρ =
1
2
φ˙2 + V (φ) =
φ′2
2a2
+ V (φ),
P =
1
2
φ˙2 − V (φ) = φ
′2
2a2
− V (φ) (10)
for a homogeneous and isotropic field. These relations
are used extensively for describing inflationary phases as
well as bouncing epochs.
II. OVERVIEW OF BOUNCING MODELS
In the literature, one can find many models that are
based on well-tested physics (semi-classical scalar fields
in the framework of 4D General Relativity) and string
theory (the only known self-consistent theory of all inter-
actions including quantum gravity); these are the mod-
els we shall restrict attention to in this review, so let us
mention briefly in Sec. II A the other direction in which
quantization of GR is used explicitly as an important in-
gredient to implement the bouncing phase, namely Quan-
tum Cosmology, be it through Loop Quantum Grav-
ity (LQG), a supposedly background-independent at-
tempt at quantizing General Relativity, or by using well-
controlled matter fields (fluids or scalars) in conjunction
with the Wheeler-De Witt equation (canonical quantum
gravity). Because the former, Loop Quantum Cosmol-
ogy (LQC), can be argued to be in demand of technical
improvements, the latter appears more conservative.
After this brief excursion, we follow with the above
mentioned scenarios. All models are introduced briefly
with references to the original literature to provide an
encyclopedic overview; we follow with a more cohesive
in depth discussion of the requirements for a successful
bounce, the computation of cosmological perturbations
and potential fatal effects undermining nonsingular mod-
els in subsequent sections. It should be noted that most
bouncing models are modular: the process whereby the
bounce is achieved is a priori independent of the process
whereby scale invariant cosmological perturbations are
generated. For this reason, we clearly separate these two
key ingredients in Sec. III and Sec. IV. Nevertheless, in
this section, and in particular in Table I and II, we com-
bine particular bounce models with the generation mech-
anism for fluctuations that has been associate with it in
the literature. For example, the new ekpyrotic scenario
entails a ghost condensate bounce and an entropic two-
field mechanism to produce a scale-invariant spectrum.
Our reasoning for this approach is two-fold: firstly, we
would like to highlight which combinations have been al-
ready considered to serve as a guide for future research
to go beyond the status quo, particularly in those mod-
els that are in tension with observations. Secondly, not
every bounce mechanism may be combined with every
pre-bounce phase in a consistent manner. For instance,
in the cyclic scenario, which is based on string theory,
multi-field models as well as an entropic mechanism ap-
pear well-motivated. Yet, introducing a galileon into the
scenario would go against the string theoretical under-
pinnings, since it has not been shown that galileons can
arise in string theory. For this reason, we decided de-
liberately not to speculate on possible combinations one
might want to investigate in the future.
A. Quantum gravity based models
Quantum gravity based models sometimes appear to
be not as developed as GR-based ones, because a bounc-
ing phase is induced in a regime that is less well under-
stood. They are however natural in the following sense:
the very existence of a primordial singularity stems from
the use of a classical theory of gravitation, GR, extrapo-
lated to its very limit, precisely where it is expected not
to be valid anymore. Taking this fact into account, LQC
relies on LQG to avoid the singularity, in much the same
way that quantum mechanics avoids the ultraviolet catas-
6trophe2: the Universe naturally goes through a maximum
of the curvature, after which the latter can only decrease;
this is achieved with the scale factor passing through a
minimal value, and hence a bounce. Similarly, canonical
QG provides a wave function which vanishes for vanishing
values of the scale factor, thereby again spontaneously
avoiding the singularity and in most instance yielding a
bounce. Here we briefly review both mechanisms.
1. Loop quantum cosmology
Loop quantum gravity is a non-perturbative attempt
at a background independent quantization of General
Relativity, reviewed in [73, 74]. This proposal has been
argued [75] to have internal inconsistencies (see however
Refs. [76–78] for recent attempts of addressing anoma-
lies in 2 + 1 dimensions), and to be in violation with cur-
rent observations such as tests of Lorentz Invariance (LI).
Stringent constraints on LI violation have been placed
via observations of Gamma-Ray Bursts (GRB) by the
FERMI Large Area Telescope, LAT [79], which is sensi-
tive to MeV-to-GeV GRBs, and the Gamma-Ray Burst
Monitor collaborations that use GRB 080916C [80] and
GRB 090510 [81]. In addition, competitive results can
be achieved by observations of flares of Active Galac-
tive Nuclei by MAGIC, or the H.E.S.S. analysis of the
exceptional flare PKS 2155 − 304 [82, 83]. In essence,
the attempt to combine quantum mechanics and gravity
in LQG entails the presence of a natural length scale,
implying a “quantum gravity energy scale” E
QG
; this
scale is expected to be of order of the Planck scale,
E
Pl
≡√(~c5)/GN ' 1.22×1019 GeV (≡ √8pi in the nat-
ural units used here), and it is actually lower in the case
of LQG, ELQG . EPl [81]. At this scale, the physics of
space-time predicted by General Relativity breaks down.
Introducing such a scale violates LI since relativity pro-
hibits an invariant length.
The high photon energies and large distances of GRBs
can test a prediction of LQG that, since energy disper-
sion in the speed of the photons exists, high energy pho-
tons should arrive later than low energy photons. In
the linear approximation, this arrival-time difference ∆t
is proportional to the ratio of the photon energy dif-
ference to the quantum gravity mass ∆E/E
QG
and de-
pends on the photons’ traveled distance [84]. Going be-
yond the linear order, one finds possible Lorentz viola-
tion energies at linear and quadratic energy dependence
are E
QG,1
and E
QG,2
respectively, i.e. ∆tlin ∝ E/EQG,1
and ∆tquad ∝
(
E/E
QG,2
)2
. The constrains placed by
the FERMI collaboration read E
QG,1
> 3.5 E
Pl
at 95%CL
and E
QG,2
> 6.4 × 1010GeV by the H.E.S.S. collabora-
tion. A recent, independent combined analysis in [85]
2 This originally motivated the argument invoked for the PBB
scenario, which predates most of the models discussed below.
confirms and improves these bounds by a factor of ∼ 2,
namely, E
QG,1
> 7.6 E
Pl
and E
QG,2
> 1.3 × 1011GeV;
thus, any theory that requires E
QG,1
. E
Pl
is strongly
disfavored. It has however been claimed that a linear
dispersion relation may not be generic, in a sense to be
further elaborated.
Loop quantum cosmology [86] is an attempt to use
the same quantization techniques employed in LQG in
a homogeneous and isotropic universe. If one takes this
framework as a working hypothesis, ignoring possible ob-
servational and theoretical shortcomings, it was shown
that the initial singularity is resolved [87] and inflationary
as well as bouncing cosmologies may be achieved [88–98]
(see also [99] for a related approach involving a minimal
length). A consistent treatment of perturbations in LQC
has been proposed in Refs. [100–102]. The most com-
mon approach consists in taking a modified Friedmann
equation containing a −ρ2 contribution to the right hand
side [89, 103–106] (see also, [88]). Such modifications
have been known in the literature for a long time [107–
109] and were originally motivated by brane world set-
ups in string theory [110]. However, the negative sign in
front of ρ2 would correspond to an extra timelike dimen-
sion, which has never been considered in string theory,
although there is, as far as we know, no fully established
no-go theorem that would prevent it (see Sec. II I 4).
Since there is no, as of now, accepted particle physics
approach to LQC (in [86] the current status of this point
is explained), it is overall unknown whether or not ghosts
and/or fatal instabilities are present (see [111], which in-
dicates that fatal instabilities are indeed present; how-
ever, in [112] it was shown at the homogeneous level
that shear and curvature invariants are usually bounded).
Several attempts have been made to incorporate fluc-
tuations into the framework of a bouncing LQC setup
([93, 94] and references therein). It is possible to ac-
commodate a scale-invariant spectrum if at least one
scalar field and either a matter phase [106], or a sec-
ond scalar field combined with an entropic mechanism,
is introduced. While phenomenologically acceptable, if
ghosts were absent, the introduction of space-time de-
pendent fluctuations into the mini-superspace approach
used in LQC appears questionable: if one is interested in
deviations of homogeneity and isotropy, one should use
the full framework of LQG to perform the quantization at
the background and perturbed level. It has been argued
in the LQG literature that LQC is not the homogeneous
and isotropic limit of LQG [113], and thus, the operation
of quantization and taking the mini-superspace approx-
imation might not commute. For recent works on per-
turbations, which aim to go beyond the mini-superspace
approximation, see [100–102].
Given these theoretical uncertainties, combined with
yet-unanswered questions regarding ghosts and instabil-
ities, comparisons of these models’ predictions with ob-
servation may be too early, improvements on the foun-
dations of this framework being called for first.
72. Canonical quantum cosmology
The cosmological singularity in a Universe dominated
by a perfect fluid with positive-definite energy and pres-
sure is a consequence of Einstein’s field equations. In or-
der to avoid it, one can modify these classical field equa-
tions, either by modifying gravity itself, or by including a
material content with unusual properties. One could also
try to quantize gravity directly. Indeed, the typical max-
imal energy at which one expects a bounce to take place
is of the order of ∼ 10−3M
Pl
, so that using the ADM
formalism (canonical quantum gravity), the Wheeler-De
Witt equation in mini-superspace is expected to yield a
good approximation of the quantum effects taking place
during these early stages. To complete the model, one
then needs to add a universe-filling matter component,
which can be taken in the form of a perfect fluid, a choice
that also naturally provides a preferred time variable.
Solving for the wave function of the universe is not the
whole story as it can at most provide an average value
for the scale factor as a function of time, the scale fac-
tor being an operator in this formulation. A proposal
to circumvent this problem consists of assuming a tra-
jectory formulation of quantum mechanics [114, 115] in
which the scale factor follows specific trajectory values
[116]. Applying this formalism and assuming regular
boundary conditions, one finds that all possible trajecto-
ries are nonsingular and include a bounce [117] (see also
[118] for a different but related approach). Of course, all
known formulations of quantum mechanics being strictly
equivalent, the fact that the universe underwent a regular
bouncing phase or not should not depend on which for-
mulation one picks, so it is reasonable to expect that the
results obtained in Refs. [116, 118] generically indicate
that it is canonical quantum gravity itself which allows
for a bounce to take place.
On top of these trajectories, a perturbative expansion
can be done consistently, with the meaning that both
the background and the perturbations are quantised [116,
119, 120]. However, more work is needed to assess the
compatibility of such models with available data [47].
Evidently, both models discussed above need more
work to be compared with currently available and forth-
coming data, because both require quantum gravity as
a central ingredient. On the other hand, models based
on GR often make use of much more speculative ingre-
dients, such as ghost-condensates, galileons or massive
gravity. The legacy of past bouncing models has fueled
the use of such unconventional ingredients. It is interest-
ing though that, would the universe have chosen to use
such ingredients as to permit a classical theory of gravity
(GR or otherwise) to implement a bounce, the question
of quantum gravity would remain forever bound to the
interior of black holes, and hence possibly merely philo-
sophical until one finds a way to accelerate particles to
reach Planck energy collisions.
In the remainder of this section we provide a brief
overview of those proposals that are quoted as reason-
ably fashionable.
B. Ekpyrotic and cyclic scenarios
The ekpyrotic scenario [48, 121, 122] is based on five-
dimensional heterotic string theory, where the fifth di-
mension ends at two boundary branes, one of which is
identified with our Universe. The branes, on which mat-
ter and forces other than gravity are localized, can only
interact with one another via gravity as long as they are
widely separated. During the ekpyrotic phase the branes
are attracted to each other and eventually collide, pro-
ducing matter and radiation on the branes. This col-
lision does not occur everywhere at the same time on
the brane: quantum fluctuations produce ripples on the
brane so that the collision occurs earlier in some places
than in others; regions that collide earlier provide the uni-
verse with additional time to cool and expand, while re-
gions where the collision occurs later, stay relatively hot-
ter; such a collision represents the big bang [48]. Thus,
fluctuations in the CMBR can be traced back to these
geometric fluctuations, which can also be interpreted in
terms of an effective scalar field in a 4d theory. This
is the picture of the old ekpyrotic scenario [48]; it pur-
portedly solves the isotropy problem of the big bang by
having the universe undergo a period of slow contrac-
tion, the ekpyrotic phase, superseded by a bounce to the
standard expanding phase. This proposal was criticized
in [123] primarily for fine-tuning. These points were ad-
dressed in [121, 122]. In [124], following earlier work in
[125] and follow-up papers, it is argued that the predicted
big bang is instead a big crunch and that computations
in the ekpyrotic scenario need to be performed in the
full 5d setup; more importantly, setting aside such po-
tential theoretical concerns, the scenario was shown to
be observationally problematic [126, 127], since density
fluctuations do not inherit a scale invariant spectrum, see
below.
The cyclic3 scenario is an extension of the old ekpyrotic
scenario. It can, as the previous scenario, be described
by means of an effective 4d scalar field whose potential
is represented schematically on Fig. 2. It was introduced
in [129–131] and critized in [7, 132]. This cyclic exten-
sion with a singular bounce continues to be investigated.
The idea is that after the brane collision, the inter-brane
distance grows again, but since the branes continue to at-
tract each other, the distance between them reaches an
apex, before turning around. This quasi-static phase of
the internal space is associated with the late time FLRW
Universe of dark energy domination and flattens out the
branes. Ultimately, the branes’ attraction wins and a
3 For a historical account of cyclic oscillating models dating back
to the 1920’s see [128].
8new ekpyrotic phase takes place.
In this model, the current dark energy dominated Uni-
verse will be superseded by a contracting ekpyrotic phase,
followed by a bounce, an expansion phase, and a sub-
sequent phase of radiation and matter domination, suc-
ceeded by another dark energy dominated phase and con-
tinuing so in a cyclic manner. Fig. 1 shows a schematic
representation of the cyclic model based on colliding
branes in M-theory. A conceptual advantage of this
model is the apparent lack of need for a specified mi-
crophysical origin of time, making the problem of initial
conditions inconsequential, see Sec. III A 5 for details and
Table I for general properties of singular bouncing mod-
els.
However, it should be noted that the cyclic universe is
not past eternal, similar in that regard to eternal inflation
[133]. Unfortunately, each singular bounce requires the
use of non-perturbative techniques in string theory and
is therefore ill-understood, if at all.
The spectrum of curvature fluctuations in the old ekpy-
rotic scenario was found to be deeply blue [134–137] (an
additional problem is that these modes do not become
classical [138] as opposed to the ones resulting from the
entropic mechanism [139] described below). As a result,
two-field models [140] were introduced to overcome this
problem [141–144]. One realization is the new ekpyrotic
scenario, a nonsingular setup, which makes use of the
entropic mechanism to generate a nearly scale-invariant
spectrum of primordial density fluctuations in an isocur-
vature field. If seen as a fundamental theory, the ghost
condensate employed in the new Ekpyrotic scenario con-
tains ghosts due to the higher derivative equations of mo-
tion, as shown in [145]. However, from an effective field
theory (EFT) point of view, ghosts are absent below the
energy scale demarcating the validity range of the EFT
[146]. Thus, the description in the new ekpyrotic scenario
is self-consistent, as long as the energy scale during the
bounce remains below that cut-off, such that the degrees
of freedom associated with the higher derivatives do not
get excited.
A similar extension of the singular cyclic model to a
two-field setup is given in [141], which subsequently led
to the proposal of the Phœnix universe [152–155]. The
conversion from isocurvature to adiabatic modes, first
proposed in [140] to counter the problems encountered in
the old ekpyrotic scenario4, can occur before the bounce
via the movement of fields away from the scaling solu-
tion towards an ekpyrotic attractor [158–160] see also
[144] and Sec. IV E 1 for details. Alternatively, a reflec-
tion of fields from a sharp boundary of field space can
result in a different conversion [161, 162], see Sec. IV E 2;
one may also use the curvaton mechanism or modulated
(p)reheating [156, 157, 163] after the bounce, Sec. IV E 3.
4 An idea taken from the curvaton mechanism [156, 157], which
utilizes isocurvature perturbations to that effect.
These entropic mechanisms are constrained by PLANCK
[164, 165] due to their generic prediction of large non-
Gaussianities. In that regard, it should be noted that
different aspects are highlighted in the literature: be-
fore the improved constraints by PLANCK, Lehners et
al. [166–168] highlighted the generic prediction of ob-
servably large non-Gaussianities of f local
NL
of order 10 or
bigger for the conversion mechanism in [161, 162]. How-
ever, after the publication of PLANCK, the emphasis was
put onto the possibility to counterbalance different con-
tributions to non-Gaussianities to enable f local
NL
of order 1
[152]. To this end, the focus shifted to potentials approx-
imately symmetric transverse to the adiabatic direction,
as well as non-minimal entropic models [169–172]. All
these models entail an unobservable primordial gravita-
tional wave spectrum; they are therefore ruled out if the
BICEP2 detection of r ∼ 0.2 is confirmed to be a signal
of primordial origin by the future Keck Array observa-
tions at 100 GHZ and PLANCK observations at higher
frequency [33, 34], see Sec. IV C.
In a recent publication applicable to singular models
[173], Xue et al. studied the classical dynamics of the uni-
verse experiencing a transition from a contracting phase,
which is dominated by a scalar field with a time-varying
equation of state parameter, to an expanding one through
a big bang singularity. It was found that the evolution
of a bouncing universe through such a singularity lacks
a continuous classical limit except when the equation of
state is highly fine-tuned; this result implies that a transi-
tion from contraction to expansion is contingent on quan-
tum processes and not on a simple classical limit.
Other studies pertaining to the cylic universe, which
are not reviewed here, include: 5D dynamics of gen-
eral braneworld models [174], past-shrinking cycles that
spend more time in an entropy conserving Hagedorn
phase [175], a cyclic magnetic universe [176, 177], phan-
tom accretion onto black holes [178], deformed Horˇava-
Lifshitz gravity [179], a string-inspired model via a scalar-
tachyon coupling and a contribution from curvature in
a closed universe [180], cosmological hysteresis [181],
Finsler-like gravity theories constructed on tangent bun-
dles to Lorentz manifolds [182], a combination of cyclic
and inflationary phases with quintessence [183] and a
cyclic model with a chameleon field [184], among others
[185–187].
C. String gas cosmology
The presence of a maximal temperature in string the-
ory, the Hagedorn temperature, as well as T-duality led
to the hope of constructing a nonsingular cosmological
setup by invoking these intrinsically stringy phenomena
[188–192]. Early work on string thermodynamics can be
found in [193–201]. As the Hagedorn temperature is ap-
proached, new massless degrees of freedom arise, indi-
cating a phase transition. This thermal component can
be modeled by a string gas [202]. String gas cosmology
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FIG. 1: Schematic of the cyclic universe as initially envisioned in [129, 130]: expansion and contraction correspond to the
growing and shrinking of the orbifold in M-theory. The collision of the boundary branes is identified with the big bang, a
singular bounce since the scale factor of the orbifold vanishes. Fluctuations in the distance between branes can be identified
with density fluctuations, which are imprinted onto density fluctuations during the collision, which also reheats the matter
content on our brane. During each cycle the Universe is rendered flat and empty via a phase of dark energy domination. Whilst
this model was not practically working, it has provided a strong motivation for subsequent developments of the cyclic universe.
In the table, the parameter γ is given by γ = ln(−Vend)1/4Trh, where Trh is the temperature of radiation when it dominates.
To be compatible with observations, cyclic models require γ ≈ 10− 20 [147].
Instabilities
Model Bounce no tuned i.c. no ghosts A B C D ns f
local
NL
Ekpyrotic [148] singular brane 7 3 3 3 3 3 blue [148] ?
Cyclic [129, 130] quant.grav.eff. 7 3 3 3 3 3 HZ ?
Phœnix [149] brane collision 3 3 3 3 3 3 HZ O(±10) [150]
Bars et al. [55–61] antigravity ? 3 3 3 3 3 ? ?
TABLE I: Singular bouncing models. Instabilities: A – Curvature pertubation; B – Quantum induced anisotropy; C – Grav-
itational instability; D – Initial anisotropy, see Sec. V. Fine-tuned initial conditions, i.c., entail: a) how to get the brane flat,
and b) how to get both fields near the top of the ridge as in Fig. 18. The notation HZ indicates a power spectrum close to
the Harrison-Zeldovich one with ns = 1; in the cyclic/Phœnix universe, the index can be made red by changing the potential
slightly from the exponential one used in e.g. (26). The first three models lack an analytic understanding of the singular bounce
and rely on matching conditions; see section II D for a brief review of non-perturbative attempts based on the AdS/CFT
correspondence and Sec. II E for the singular antigravity bounce. Gravitational waves on CMBR scales are generically not
generated, see Sec. IV C.
is an attempt to incorporate strings and branes into a
cosmological setting by means of a gas approximation,
see [19, 203] for reviews. While attempts to construct al-
ternative proposals to inflation in string gas cosmology,
such as in [204], are still subject to unsolved problems5
5 Although it is possible to generate a nearly scale-invariant spec-
trum and gravitational waves, this proposals is still hampered by
the flatness and relic problems; this is discussed in Sec. III A 4.
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FIG. 2: Schematic of the potential in the ekpyrotic/cyclic
scenario [151].
[19, 205, 206], it was shown in a series of recent arti-
cles [66, 207–209] that a string gas can be used success-
fully to describe the matter content in a Hagedorn phase,
while providing the possibility of violating the NEC in a
controlled manner in string theory. Based on this idea,
a cosmological model has been constructed and cosmo-
logical perturbations were computed in [202]. There it
was shown that a nearly scale-invariant spectrum can
be transferred through this nonsingular bounce, if it has
been previously generated. The violation of the NEC me-
diated by an S-brane is under computational control and
most instabilities can be avoided, with the notable ex-
ception of the Belinsky, Khalatnikov and Lifshitz (BKL)
instability, see Sec. III B 2; the model, dubbed S-brane
bounce in this review, provides a promising avenue for
future research. We discuss its ingredients in more detail
in Sec. III C 5.
D. A nonsingular bounce in string theory
An attempt to circumvent the initial singularity us-
ing methods akin to the AdS/CFT correspondence [210]
was proposed in [211] following prior work in [212]. The
AdS/CFT correspondence provides a non-perturbative
definition of string theory in anti de Sitter (AdS) space-
times in terms of conformal field theories (CFT) [213].
In [211] Turok et al. suggest the possibility of not only
attaining a healthy nonsingular bounce, but also propose
a new mechanism for generating nearly scale-invariant
cosmological perturbations [52]. The cosmological set-
up considered in [52] is a toy model and not compatible
with the necessary ingredients for the ekpyrotic scenario
to take place. This line of research was subsequently fol-
lowed in [53, 54]. At the time of writing, a cosmological
model ready to be compared with observations has not
been constructed.
E. Antigravity
In a series of papers, Bars et al. [55–61] showed that
theories motivated by the minimal conformal extension
of the standard model with scalar fields coupled to grav-
ity can be lifted to a Weyl-invariant theory that al-
lows the cosmological evolution to be unambiguously
traced through a big-crunch/big-bang (singular) transi-
tion. Here the classical evolution can be followed in a ho-
mogeneous, but potentially anisotropic (e.g. Bianchi IX),
universe through a brief antigravity phase. Early work
on antigravity can be found in [214]. As pointed out in
[14, 215] and acknowledged in [61], this Weyl-invariant
extension does not resolve the singularity: for example,
the Weyl-invariant curvature squared diverges [215, 216].
Because of the presence of a curvature singularity, the
use of classical General Relativity methods throughout
[61] is therefore questionable.
Bars et al. argue that a geodesically complete, un-
ambiguous solution arises, because the cosmic evolution
becomes smoothly ultra-local so that density perturba-
tions and spatial gradients become negligible [14]. The
presence of an unambiguous classical evolution through
said singularity is intriguing and warrants further study6,
since it is unknown, at the time of writing, whether or
not quantum gravity corrections leave the smooth transi-
tion found in [56–59] unaffected. A debate on this topic
can be found in [6, 14], and in particular it was found
in [215] that the curvature invariants diverge. If it can
be shown that the considered Weyl-invariant quantities
remain unscathed, one can employ this type of bounce in
the cyclic scenario in lieu of the complicated ghost con-
densate/galileon models that we focus on subsequently
in this review. Most recently, [222] considered two scalar
fields, the dilaton and the Higgs, coupled to Einstein
gravity and showed that the isotropic cosmological so-
lutions deep in the antigravity regime are stable at the
level of scalar perturbations [222]. A full analysis is still
an open research topic.
F. Nonsingular bounces via a galileon
Nonsingular scenarios often include a combination of
a contracting matter dominated phase (ordinary dust
or mimicked by a scalar field) to yield a nearly scale-
invariant power spectrum, an ekpyrotic phase to dilute
the curvature and shear contributions, followed by a
6 A resolution of cosmological singularities has been attempted in
string theory repeatedly [217–221] and is currently an active field
of research.
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P. inv. vac. Instabilities
Model Bounce & sublum. BKL A B C D ns f
local
NL
New ekpyrotic [142, 148] ghost cond. 7 3 7 7 7 7 HZ O(50) [160, 223]
Matter bounce [224–227] ghost.cond/gal. ? 3 3 3 3 3 HZ −35/8 [228]
G-bounce [229] KGB/galileons ? 3 3 3 3 3 blue ?
Non-min entr. [169, 170] galileon/other ? 3 3 3 3 3 red O(1) [171, 172]
Cosm. super-bounce [71] ghost.cond/gal. 3 3 3 3 3 3 ? ?
S-brane bounce [202] S-brane 3 7 3 3 3 3 HZ ?
TABLE II: Comparison of several promising nonsingular bouncing models. Instabilities: A – Curvature pertubation; B –
Quantum induced anisotropy; C – Gravitational Instability; D – Initial anisotropy, see Sec. V. The notation HZ indicates a
power spectrum close to the Harrison-Zeldovich one with ns = 1; a slightly red spectrum can be achieved by a slight change
of the potential used in the new-ekpyrotic scenario; for models employing a matter phase, such as the matter bounce or the
S-brane bounce, a red spectrum can be attained by a small deviation of w = 0, which is easily achieved. KGB stands for kinetic
gravity braiding. Galileon models often suffer from superluminality for the Poincare´ invariant vacuum (abbreviated P. inv. vac.,
even though the NEC violating solution maybe subluminal), but a detailed analysis for bouncing cosmologies is missing; see
Sec. III C 2 for discussion in inflationary cosmology. If a nearly scale-invariant spectrum is achieved via the entropic mechanism,
observable non-Gaussianities commonly result from the conversion mechanism. If the spectrum is generated in a matter phase,
non-Gaussianities result due to the growth of fluctuations after Hubble radius crossing in the contracting phase, see Sec. IV E.
Observables in the super bounce model are in line with other ekpyrotic models according to [72].
bounce phase7. Almost all of the hitherto mentioned
bounce mechanisms have problems, such as the growth
of instabilities and the presence of ghosts. In this sec-
tion, we provide an overview of mechanisms based on
galileon fields: these non-canonical scalar fields can in-
duce a bounce while preserving the smooth, flat condi-
tions achieved during the contracting phase and avoiding
instabilities. They can further be implemented in su-
pergravity and therefore provide a promising avenue for
future research.
Galileon models [230] arise naturally in the context
of massive gravity [231, 232]. These theories and their
generalizations [233–236] offer the intriguing option to
start the cosmological evolution from a nearly Minkowski
space-time to a de Sitter-like expansion [237, 238], thus
alleviating the initial value problem of inflationary cos-
mology. We would like to add, at this point, that the
naturalness or unnaturalness of a set of initial conditions,
e.g. starting with an empty flat universe, depends on a
particular researcher’s viewpoint and is thus subjective.
Besides enabling inflationary models, a bounce can
be induced via a galileon field [230, 237, 238] or its
close relative, a field with kinetic gravity braiding (KGB)
[234, 235]. These models make use of a subclass of scalar
field theories with higher order derivatives in the action
while maintaining second order equations of motion, as
classified by Horndeski [239]. Galileon Lagrangians obey
a symmetry under the Galilei transformation
φ(x)→ φ(x) + c+ bµxµ (11)
where c and bµ are constants
8. See [240] for a recent re-
view of the mathematical properties and construction of
7 An exception is the new ekpyrotic scenario, which is nonsingular
and does not contain a contracting, matter dominated phase.
8 In the literature, the galileon is often denoted by pi, a notation we
galileon theories. The Lagrangian of these types of fields
can lead to NEC violation while avoiding instabilities and
ghosts.
Consequently, bouncing cosmological models have
been put forward using galileon fields, e.g. the G-bounce
in [64, 241] and [229] (a follow up to KGB models) among
others [234, 242, 243]. A common danger of these models
is the possibility of pressure/big rip singularities [244],
which are indeed present in the far past or future of a
G-bounce [229].
In [169], a nonsingular bounce in the framework of
galileon cosmology with an ekpyrotic phase was inves-
tigated, with the addition of a curvaton instead of a
matter phase to generate the scale-invariant spectrum
of perturbations. This work superseded that of [170]
which set up the building blocks to obtain scale-invariant
entropy perturbations within the ekpyrotic scenario via
non-minimally coupled massless scalar fields. There, it
was suggested that the entropy perturbation could be
converted into curvature perturbations by means of a
curvaton, as done in [169], or modulated (p)reheating
[245]. Non-Gaussianities for the model in [169] where
computed in [171], see the non-minimal entropic mech-
anism in Table II. This model does not entail intrinsic
non-Gaussianities, but the ones arising from the conver-
sion mechanism. This particular model is an example
of a more general class of non-minimal ekpyrotic models
studied in [172].
A first attempt to implement galileons in supergravity
turned out to be problematic, since the bosonic sector
of globally supersymmetric extensions of the cubic Lan-
grangian showed a reappearance of ghosts [70]; never-
shall not use here as the fields used in the literature on bouncing
cosmology are commonly denoted φ; here, we keep the latter
notation.
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theless, a follow-up study in [71] proved more successful:
the necessary conditions for a nonsingular, stable, cosmic
bounce in N = 1 supergravity, and hence potentially al-
lowed in string theory, are derived in [71]; this so-called
super bounce, see Sec. III C 4, is based on supergravity
versions of the ghost condensate and cubic galileon scalar
field theories that have been used at the phenomenologi-
cal level in the matter bounce scenario [225]. This bounce
is free of most problems that hamper many other non-
singular bounces, see Sec. V and table II. It is therefore
one of the most promising proposals.
G. Massive gravity
The idea of modifying gravity is not new. In 1939,
Fierz and Pauli raised the question of the existence
of a consistent covariant theory for massive gravity,
whereby the graviton becomes massive, hence leading
to a modification of General Relativity [246]. However,
the non-linear terms that curtail the discontinuity prob-
lem [247, 248], give rise to the Boulware-Deser (BD)
ghost mode [249]. The prevalence of ghosts made the
theory unstable and it was abandoned for decades un-
til de Rham et al. constructed a non linear extension
[231, 232]: the ghost could be removed in the decou-
pling limit to all orders of perturbation theory through a
systematic construction of a covariant non-linear action.
It was soon realized, however, that homogeneous and
isotropic solutions in non-linear massive gravity have a
ghost [250, 251]. Extensions of non-linear gravity models
ensued [252, 253] and the graviton mass was allowed to
vary by setting its mass via a scalar field [254]. Motivated
by this work, the cosmological implications in flat and
open universes were explored in [255]; it was found that
such an extension requires a UV-modification of General
Relativity, in addition to the one in the IR. A pedagog-
ical review of massive gravity can be found in [256] (see
also [257]).
Nonsingular bouncing cosmologies have been con-
structed within massive gravity. An attempt to construct
ghost and asymptotically free modified gravity models
that enable nonsingular bouncing solutions and resemble
General Relativity in the IR limit was made in [67, 258].
Using the results of [255], where the graviton was pro-
moted to a function of an extra degree of freedom, a
nonsingular bounce and cyclic cosmological evolutions
at early times were studied in [259]; in [69], bouncing
cosmologies were found to be generic in the context of
massive gravity on de Sitter; the bounce occurs while the
cosmological matter satisfies the strong energy condition.
Other work include [260, 261] and [262].
These models can provide a ghost-free bounce, but fur-
ther implications have not been explored.
H. A nonsingular bounce in the multiverse?
Attempts have been made to connect bouncing cos-
mologies to the inflationary multiverse. The latter is
made up of different space-time regions populated by dif-
ferent meta-stable vacua. A transition from one vacuum
to the next may occur via quantum tunneling, generating
a daughter vacuum which expands within the parental
one. Evolution after the tunneling depends on whether
the vacuum inside a bubble has positive energy density
or not. In the former case, the evolution is asymp-
totically de Sitter (dS) and further nucleation occurs
within the bubble, the latter’s AdS vacuum (a contract-
ing universe with negative cosmological constant) even-
tually collapses into a big crunch, developing curvature
singularities where space-time ends9. Such bubbles are
called terminal. It has been speculated that the terminal
singularity of the AdS vacuum is resolved in a complete
theory of quantum gravity, such as string theory – see
Fig. 3 for a causal diagram. In the absence of such a
resolution, a phenomenological model yielding a nonsin-
gular bounce based on the introduction of a term ∝ −ρ2
into the Friedmann equations, as in Sec. II A 1, has been
used in [264, 265]. In this study and in related works
[266–268], the transition between vacua during contrac-
tion and re-expansion was computed. Putting aside the
theoretical shortcomings of the model used to replace the
big crunch by a nonsingular bounce, the results of this
work are of interest: if the vacuum is AdS (K = −1)
subsequent bounces take place until the field eventually
emerges in a de Sitter vacuum. During these transitions,
the field usually jumps a large distance of order MPl in
field space. Hence, at least at the phenomenological level,
the AdS bounces may lead to transitions to remote parts
of the landscape, reaching regions otherwise inaccessible.
However, tachyonic instability and parametric resonance
amplify scalar field fluctuations within the AdS bubble,
albeit less efficiently than in slow roll inflation. If the fluc-
tuations remain small, the whole bubble transitions to a
similarly smooth vacuum; on the other hand, if fluctua-
tions become large, the bubble volume fragments into dif-
ferent final vacua after the bounce. Transitions from one
AdS vacuum to another one lead to further amplification,
enhancing the probability of bubble fragmentation. This
is reminiscent to models of eternal inflation discussed in
[155]. Bubble wall fluctuations can give rise to strong
anisotropies in the contracting AdS bubble, leading to
BKL instabilities and Kasner periods, see Sec. III B 2,
with the eventuality of further bubble fragmentation. In
[268], it was found that bubbles fragment within two or
three transitions based on the enhancement of field per-
9 See [263] for populating different vacua in eternal inflation and
the possibility to encounter emergent or even cyclic universes in
the nucleated bubbles. It should be noted that any quantification
of such ideas is dependent on the measure.
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FIG. 3: Causal diagram of transitions in the multiverse medi-
ated by a phenomenological bounce [264]. The AdS bubbles
denote a contracting universe with a negative cosmological
constant. Red zig-zag lines indicate a bounce mediating a
transition from AdS to dS or dS to AdS that could otherwise
terminate in a big crunch. [263]
turbations induced by the amplification of curvature per-
turbations. In a follow up study [269] it was shown that
even in the presence of AdS bounces, space-time is still
past-incomplete as in inflationary cosmology. Thus the
initial singularity is not resolved, but merely pushed out
of sight and hence, as in the corresponding inflationary
framework, physically inconsequential.
I. Other models
The models presented above represent the mainstream
ideas that have been proposed to implement a bouncing
alternative to inflation. We conclude this general model
presentation by identifying some miscellaneous propos-
als [36], which are generally viewed as less fashionable
and/or are hampered by conceptual problems.
1. Horˇava-Lifshitz
Horˇava-Liftshitz (HL) gravity, first introduced in [270],
is a power-counting renormalizable theory of gravity with
purportedly consistent UV-behavior and a fixed point in
the IR-limit [271, 272]. Therefore, as a modification to
General Relativity at high energies, this theory was ex-
plored significantly within the context of cosmology: cos-
mological solutions with matter and the possibility of a
nonsingular bounce were studied in [273–276]. HL grav-
ity was shown to have inconsistencies in [277] and more
recently, to be UV-incomplete [278]. We therefore do not
dwell on these models further.
2. Lee-Wick and Quintom
Lee and Wick [279, 280] proposed, in the late sixties, a
finite version of QED; based upon this proposition, Grin-
stein et al. constructed a modification to the standard
model known as the Lee-Wick Standard Model [281]; this
model aspires to provide an alternative to supersymme-
try. A feature of these models is the presence of phan-
tom fields [282]. Phantom fields have several conceptual
problems [283] since the equation of state parameter is
less than −1, but they might enable a bounce. In ad-
dition, a future singularity is present and the vacuum is
unstable. Despite these problems, Lee-Wick theory con-
tinues to be investigated and several nonsingular bounc-
ing models have been constructed within its framework.
For instance, a nonsingular bounce caused by a Lee-Wick
type scalar field theory was studied in [284] providing a
realization of the matter bounce scenario; the authors
found a scale-invariant spectrum for both scalar pertur-
bations and gravitational waves, in agreement with [285],
see Sec. IV B 4. See [286] for a follow up study.
Quintom models (two matter fields, one regular, the
other with a wrong sign kinetic term to violate the NEC
[287], see [224] for a review) alleviate the problem of a
future singularity, leading to a proposal of a quintom
bounce [65, 287–290].
Besides providing a nonsingular realization of a
bounce, which is hampered by the conceptual problems of
Lee-Wick theory, these models do not provide any addi-
tional desirable features; we shall therefore not consider
them any longer. It should however be acknowledged
that the techniques developed for studying perturbations
and extracting observables in these toy models served as
a stepping stone towards the development of healthier
scenarios such as galileon bounces in supergravity, dis-
cussed in Sec. II F.
3. F (R), f(T ) and Gauss-Bonnet gravity
Most of the models developed above imply modifying
gravity in one way or another, yet they do not include
the simplest such possibility, namely that for which the
Einstein-Hilbert Lagrangian is replaced by an arbitrary
function of the Ricci scalar F (R) [291]. Assuming a flat
FLRW metric, one can reconstruct the function F that
would be required to produce a given bouncing behavior
for the scale factor [292]. In this context, dark energy
models incorporating a bounce were constructed in [293]
and the interaction between dark energy and dark mat-
ter was studied in [294]; it turns out that a Gaussian
bounce, with scale factor behaving as a(t) ∼ exp (t/t0)2,
occurs only in the unphysical region with F ′(R) < 0 and
F ′′(R) > 0, hence leading to an instability with respect
to the production of tensor perturbations. On the other
hand, a power law bounce a ∼ a0 + (t/t0)q (q ∈ 2N)
can take place with simple monomial forms of F , in the
stability region. In addition, the latter models can be
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smoothly connected to more common contracting and ex-
panding phases.
A similar construction, leading to a bouncing phase
connecting two respectively contracting and expanding
de Sitter phases, can also be performed, yielding a pos-
sible oscillatory signal in the spectrum of gravitational
waves [295]. In this case, the mass of the associated scalar
field can become negative close to the bounce, leading to
instabilities, which manifest themselves in the ensuing
spectrum.
The same technique of Lagrangian reconstruction can
be used assuming a function of the Gauss-Bonnet invari-
ant G ≡ R2 − 4RµνRµν + RµναβRµναβ instead of one of
the curvature Ricci scalar R. Bouncing solutions were
explored in [296], some of which were found to be stable.
Instead of choosing an arbitrary function of the Gauss-
Bonnet term, one can also consider a non local extension
whereby an analytic but otherwise arbitrary function of
the D’Alembertian operator  ≡ ∇µ∇µ is inserted in be-
tween the non-linear terms; for instance R2 7→ Rf()R.
This procedure naturally introduces a new energy scale
and the new terms behave in the FLRW case as effectively
negative energy fluids. Because such terms are essentially
non local, perturbations are difficult to implement, but
some arguments have been presented that suggest these
solutions to be stable [297].
Instead of using the curvature scalar R as the basic
ingredient to build the action by means of the torsionless
Levi-Civita` connection, one can also use the curvature-
less Weitzenbo¨ck connection constructed from the vier-
bein eAµ , the metric gµν(x) = ηABe
A
µ (x)e
B
ν (x), and the
local Minkowski metric ηAB . This yields the so-called
“teleparallel” Lagrangian [298], which is nothing else but
the torsion scalar T , which provides a different, yet equiv-
alent, formulation of GR. Adding an arbitrary function of
the torsion provides a natural extension, which has been
investigated recently in view of explaining the observed
acceleration of the Universe [299]. An advantage of f(T )
models over F (R) ones is that their equations of mo-
tion remain second order, and therefore reduce the risk
of instabilities. The gravitational part of such models
can effectively violate the NEC, thus implying possible
bouncing solutions, even for vanishing spatial curvature
[300]. The procedure, however, requires special forms of
the otherwise arbitrary function f(T ).
The spectrum of perturbations predicted in the ex-
panding phase for the models detailed above, and hence
their compatibility with the data, is unknown.
4. Brane worlds and extra-dimensions
String theory can be made mathematically self-
consistent provide spacetime has more than 4 dimen-
sions, the extra dimensions being usually assumed to be
internal and small. Branes are extended objects in this
framework, which can move in those internal dimensions.
The corresponding 4D-effective field theories can be suf-
ficiently rich to enable a bounce. For example, the ekpy-
rotic scenario, as originally envisioned, can be seen as an
example of a brane-world set-up, see Sec. II B.
The Gauss-Bonnet action, although non-dynamical in
4 dimensions, can also be obtained in the low energy
limit of heterotic superstring theory and studied in any
other number of dimensions. Thus, such a term is well
suited to investigate brane-world scenarios: in [301], a 4
dimensional brane, on which a perfect fluid with constant
equation of state evolves, is embedded in a 5 dimensional
Randall-Sundrum [110] like setting. The conditions are
derived under which the brane scale factor can bounce. A
branch singularity, actually a real curvature singularity,
exists at a finite physical radius in the bulk: when the
brane encounters this singularity, its scale factor instan-
taneously bounces from a contracting to an expanding
phase; there is no telling as to what will happen with
perturbations.
A bouncing solution was also found in the case in which
the D3-brane is the boundary of a 5 dimensional charged
anti-de Sitter black hole [302]: it is the charge Q which
provides the negative energy regularizing term in the ef-
fective 4D Friedmann equation, and thus permits the
avoidance of the singularity through a bouncing phase.
On the 4D brane, this charge behaves as a stiff matter
fluid, ρ ∝ −Q2a−6.
Relevant for the ekpyrotic scenario is the study in [303],
which provides a semiclassical treatment of the collision
between two empty orbifold planes that approach each
other at constant speed. In this toy model, it is shown
that the big crunch/big bang transition appears smooth
in the sense that certain states can propagate smoothly
across the transition. It is further argued that interac-
tions should be well-behaved since the string coupling
approaches zero during the transition. However, a real-
istic transition remains an active field of research.
Conceptually unrelated to brane-world scenarios in
string theory, one may entertain the idea of extra time-
like dimensions. These might pose conceptual questions,
as it is not clear at the time of writing if they are com-
patible with causality, if they predict tachyonic modes
and/or if they entail negative norm-states as is some-
times argued. Ignoring these questions for the time be-
ing, it is possible to construct bouncing cosmologies in
this new framework. Considering a Randall-Sundrum-
like scenario with an extra timelike dimension instead of
a spacelike one, the effective energy momentum tensor
contains a term proportional to −ρ2, which enables the
transition from contraction to expansion at high ener-
gies [107, 108]. While these theories differ from Randall-
Sundrum models by merely a sign, they have never been
implemented in string theory. Cosmological perturba-
tions were studied in [109, 304], where it was found that
a scale-invariant spectrum can survive such a particular
nonsingular bounce, if it is generated in the preceding
contracting phase. Since the term quadratic in the en-
ergy momentum tensor does not add additional degrees
of freedom at the perturbed level, one cannot apply the
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results derived in two field models, as in [305].
More recently, bouncing brane world cosmologies were
considered in [306, 307]. Under certain restrictive con-
ditions, perturbations are found to be bounded in this
category of models, and sometimes sufficiently small to
justify the use of perturbation theory [308].
5. Non relativistic quantum gravity
There are theoretical frameworks in which LI is not
necessarily fundamental but might instead arise as an
emergent property of space-time. Such an approach per-
mits theories in which this symmetry is not implemented
from the start, opening the possibility to quantize the
spatial degrees of freedom independently, and leading to
a non-relativistic quantization of gravity. Since Lorentz
invariance is an extremely well-tested symmetry of na-
ture, see Sec. II A 1, and an integral part of high energy
physics and string theory, it is often challenging to rec-
oncile such proposals with observations. Ignoring these
conceptual pitfalls, one may try to construct bouncing
cosmologies under these conditions.
Effective field theory within such frameworks allows up
to 6th order spatial derivatives in the action, which can
contain all scalar combinations of the tensors Rij and
∇iRjk (together with some matter contribution). Re-
stricting attention to the FLRW metric, Cai et al. [309],
find a dark radiation term with negative energy density
in the Friedmann equations, provided that the spatial
sections are not flat. Thus, bouncing and even cyclic
solutions, can be obtained. Incorporating a matter-
dominated contracting phase, perturbations have been
found to possibly induce a slightly red tilt in the spec-
trum, although the cyclic continuation may generate
backreaction problems.
6. Mimetic matter
The mimetic matter model [310] mimics a phan-
tom field by introducing an auxiliary metric g˜αβ and a
scalar field φ in terms of which the actual metric reads
gµν = g˜
αβ∂αφ∂βφg˜µν ; this happens to be equivalent to
a dark matter component, the scalar field being not en-
tirely dynamical because of the normalization condition
gµν∂µφ∂νφ = 1. The action is given by the Ricci scalar of
g and contains just one extra longitudinal degree of free-
dom. It can be supplemented by an arbitrary potential
V (φ). If the FLRW background metric is used, the scalar
field becomes a function of time, leaving the potential to
behave in the Friedmann equations as another arbitrary
function of time. Choosing for instance V ∝ (1 + φ2)−2
leads to bouncing solutions [311]. However, because of
the non dynamical nature of the scalar field involved,
canonical quantization is not always feasible and there-
fore setting initial conditions for perturbations can be
impossible.
7. Nonlinear electromagnetic action
Before inflation was conceived, Novello et al. [312] pro-
posed to implement a bounce in a cosmological frame-
work, in which the matter content is provided by a mass-
less vector field Aµ. These models rely on two categories
of modifications of electromagnetism, i.e. models with
non-standard coupling to gravity, using terms in the La-
grangian of the form RA2, RµνA
µAν , RFµνF
µν , and
models with scalar quantities similarly built out of the
curvature and the electromagnetic tensors.
Extending electromagnetism to include nonlinear
terms such as those in the Euler-Heisenberg corrections
[313] provides another option to generate a bounce: the
action becomes an arbitrary function of the invariants
FµνF
µν and εαβµνFαβF
µν . Such terms are, however,
usually only justified provided that the electromagnetic
fields vary slowly compared to the electron length scale,
but one can argue that similar terms should be obtained
in the more general situation one is concerned with in
the early stages of cosmological evolution.
By including a combination of such terms, the FLRW
symmetry is kept by demanding either that some aver-
aging procedure is applied to the electromagnetic field,
or that the vector field has the special timelike structure
Aµ = A(t)δ
0
µ. Bouncing solutions arise because the extra
terms contribute negative quantities of energy density.
Similar ideas were revisited to provide more general non-
singular solutions with either massless or massive vector
fields sourcing gravity [314].
The models described in this section and others are
discussed in greater depth in [36]. We shall not consider
them further, since it is not clear whether they can actu-
ally be constructed self-consistently, i.e. without having
insoluble intrinsic difficulties (ghosts, violation of causal-
ity, shear/vector mode overproduction, etc. ), and be-
cause their cosmological relevant consequences have not
been established.
8. Spinors and torsion
A less known method of modifying gravity is pro-
vided by the Einstein-Cartan-Sciama-Kibble extension
[315, 316], in which the affine connection is not neces-
sarily symmetric, leaving the torsion tensor to behave as
an independent dynamical variable. These new degrees of
freedom couple only to spin densities and vanish outside
material bodies, rendering them useless in most contexts.
Since there is no exterior in cosmology, a fermionic field
would induce an everywhere non-vanishing spin density,
whose coupling to the torsion behaves as a NEC violat-
ing term in the Friedmann equations. This can generate
bouncing solutions of a special kind, as the scale factor
reaches a non-vanishing minimal value at a cusp, i.e. the
Hubble rate is discontinuous at the bounce point [317–
319]. This raises serious questions regarding stability and
the fate of perturbations.
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FIG. 4: Schematic view of the horizon problem: in the ab-
sence of inflation, causally connected patches of the surface of
last scattering subtend small angles; yet, the temperature of
the CMBR is isotropic to one part in 105 over the entire sky
and exhibit correlations at all observable scales, i.e. on over
angular scales much larger than the degree scale.
A similar model, in which a topological sector is added
to gravity, was proposed in which the bounce behaves
in a more regular way; by adjusting the fermion number
density and the mass, such a model can reproduce a scale-
invariant spectrum of perturbations [320].
III. REQUIREMENTS FOR A SUCCESSFUL
BOUNCE
In order to provide a viable alternative to inflation, a
model should, at least, do as well as inflation in many
respects. This implies that such a model’s cosmological
predictions must not only be compatible with the cur-
rently available data, but also have a sound theoretical
foundation. As we shall see, this is not an easy endeavor;
before moving to these difficulties, we discuss the com-
mon puzzles of the standard hot big-bang model and their
proposed solutions in bouncing scenarios.
A. Cosmological puzzles
Inflation was proposed as a way out of three obser-
vational conundrums: why is the universe isotropic on
the largest accessible scales (the horizon problem)? Why
does the content of the universe sum up in the ex-
actly required fashion so as to make its spatial curvature
negligible (the flatness problem)? Why do we not ob-
serve an absurdly large number of thermal relics, such
as gravitinos in supersymmetric theories, or topological
defects from phase transitions, such as primordial mag-
netic monopoles that should have been copiously pro-
duced during a grand unification transition (the relic
problem)? Before we consider these questions, we would
like to address a point that is often ignored in the lit-
erature on inflationary cosmology,that of the primordial
singularity.
1. A primordial singularity?
Ever expanding cosmologies have been shown to be
past incomplete [321], so that, as far as classical gravity
is concerned, the Universe began with an initial singu-
larity. This problem, if one sees it as one, is not directly
addressed in the inflationary framework: it is often postu-
lated that the cosmological evolution begins in an epoch
during which the relevant physical theories are well un-
derstood; previous phases are thought to be in the realm
of quantum gravity and it is assumed that they have
limited influence on the scales of observational relevance.
Demanding that inflation “solves” the singularity prob-
lem would be similar to demanding that Big-Bang Nu-
cleosynthesis (BBN) explains why the Universe was ho-
mogeneous and radiation dominated at the time it took
place: it seems to us that one can make this hypothesis
and assume some other physics to provide the necessary
explanation without hampering the predictivity of BBN.
Similarly, we think it is perfectly reasonable to assume
that the primordial singularity is somehow resolved; an
option would be to connect the currently expanding Uni-
verse to a previously contracting phase through a bounce.
In this sense, studying bouncing solutions addresses an
extremely relevant question ignored, or perhaps over-
looked, in the inflationary paradigm.
2. Horizon problem
Big-bang cosmology provides a successful description
of the evolution of the Universe back to a fraction of a
second after its birth; it is consistent with the Hubble ex-
pansion, the cosmic background radiation and the abun-
dance of light elements. Extrapolating to early times,
we encounter what is called the horizon problem. The
main assumption in big bang cosmology is large-scale
homogeneity and isotropy. This assumption is in agree-
ment with the cosmic microwave background radiation,
whose temperature, if measured in two different, oppos-
ing patches of the sky, is the same to within at least one
part in 105. Because the big bang contains an initial sin-
gularity, a causal horizon exists beyond which one should
not expect similar thermodynamical properties. Based
upon this fact, opposite patches in the sky could never
have been in causal contact in the standard big bang
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FIG. 5: Schematic of the Hubble crossing history of a mode
with wavenumber k (see also the time-line in Fig. 20): the
mode first becomes larger than the Hubble scale at t
(1)
out = t
(1)
hc
in the pre-bounce phase, smaller at t
(1)
in = thc−entry, close to
the actual bounce, and larger again for a second time shortly
after the bounce at t
(2)
out = t
(2)
hc before entering the Hubble ra-
dius later on, at t
(2)
in . The plot is shown in terms of conformal
time η =
∫
adt and the conformal Hubble factor is H ≡ a′/a.
although correct in some models, this picture, contrary to its
inflation counterpart, is not generically meaningful, as the po-
tential entering in the perturbation equation is not necessarily
proportional to the Hubble scale; this is illustrated with the
example of the tensor mode potential a′′/a in (140) (dotted
line) which clearly differs from H2 as, in particular, re-entry
and exit of the Hubble sphere are seen to be absolutely irrel-
evant.
model, and yet they have the same CMBR temperature
to one part in 105.
The horizon size d
H
≡ a(t) ∫ t
ti
dt˜/a
(
t˜
)
, during a radi-
ation and matter dominated universe is of order t when
the origin of time is ti  t and the scale factor has power-
law behavior for all times. At the time of last scattering
the horizon size is [322]
d
H
≈ 1
H(1 + zLSS)
3/2
, (12)
where z
LSS
is the redshift of the last scattering surface;
the angular diameter distance to this surface is
dA ≈
1
H(1 + zLSS)
(13)
at the time of last scattering, so that the causal horizon
size subtends an angle of
dH
d
A
≈ 1
(1 + z
LSS
)1/2
(14)
radians. For a redshift to the surface of last scattering,
zLSS = 1100, we get dH/dA ≈ 1.6◦. Thus, patches of
the universe that were separated by more than this have
no causal reason to have the same temperature. This is
illustrated in Fig. 4.
In the big bang model, it is assumed that the universe
was originally highly homogeneous and isotropic on scales
larger than the causal horizon, indicating a high degree of
fine-tuning. One might argue that such initial conditions
make no sense in the framework of GR.
Inflation solves this puzzle by adding a phase during
which the scale factor grows quasi-exponentially, in such
a way that the causal horizon grows larger than any other
physically relevant scale. The Hubble scale H−1 ≡ a/a˙
remains more or less constant, so the scale factor behaves
roughly exponentially, ainf ∝ eHt, leading to an exponen-
tially increasing horizon, i.e. dinf
H
∼ H−1eH∆t, with ∆T
the duration of the inflationary phase. It suffices that
this duration be large enough, in practice H∆T ≥ 60,
so that the resulting horizon scale is much larger than
the entire observable Universe today. Moreover, a given
quantum fluctuation of wavelength λ sourced in the far
past can start out smaller than H−1; due to its subse-
quent growth ∝ a, the wavelength becomes larger than
H−1, which remains roughly constant. Nevertheless, it
remains within the causal horizon, which grows tremen-
dously: no scale actually ever becomes “super-horizon”.
This is necessary for any consideration in GR, including
the setting of initial conditions, to make sense.
Bouncing models solve this puzzle in a completely dif-
ferent way. As far as the background is concerned, con-
sider a contracting phase between tini < 0 and tend < 0
dominated by a perfect fluid with constant equation of
state parameter w, so that the scale factor behaves as
acont ∝ (−t)2/[3(1+w)]; we assume the bounce to take
place at t = 0. The contribution of this contracting
phase to the horizon is (we correct a misprint in [323]
from which the argument is taken)
dcont
H
=
3(1 + w)
1 + 3w
tend
{
1−
(
tini
tend
)(1+3w)/[3(1+w)]}
,
(15)
which can be made arbitrarily large for |tini|  |tend|
provided that w > −1/3.
As for the perturbations, we consider that quantum
fluctuations are sourced in the far past, deep within the
horizon and the Hubble scale. The horizon itself grows
at all times, and it is possible to have it growing more
rapidly than the scale factor, so that a wavelength ini-
tially smaller than the horizon remains so at all subse-
quent times. During a slow contraction, the wave modes
stay approximately constant, whereas the Hubble scale
is rapidly shrinking as the bounce is approached; thus,
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modes which are sourced by quantum mechanical fluc-
tuations inside the Hubble radius become super-Hubble
during the contraction10, but remain sub-horizon; thus
a causal mechanism to seed the observed structures on
large scales is present. The horizon problem is solved,
because a lot more time is available to establish causal
contact, see Fig. 5.
3. Flatness problem
The present density of the universe is close to the crit-
ical density, Ωtotal ∼ 1, where
Ωtotal = ΩΛ + Ωm + Ωr + ΩK, (16)
with ΩΛ, Ωm and Ωr the relative energy densities of
the cosmological constant, matter and radiation, respec-
tively, while the dimensionless time-dependent curvature
parameter is
|ΩK| ≡ |K|
a2H2
. (17)
Deviations from Ωtotal = 1 grow in time in a decelerating
expanding universe. In order to have Ωtotal ∼ 1 today,
it must have been extremely close to one in the early
universe, indicating fine-tuning. Data from the CMBR
and Type Ia supernovae indicate that |ΩK|  1. Since
d|ΩK|
dt
= −2|K| a¨
a˙3
, (18)
a non-accelerating expanding phase, such as one domi-
nated by a radiation or a dust-like fluid, always increases
|ΩK|; hence, observing a small |ΩK| today requires fine-
tuning of its initial value.
Specifically, the temperature of the universe dropped
from about 1011 K at 1 s to approximately 104 K at
1.78× 108 s, the beginning of the matter dominated era;
from then on up until today, the scale factor has been
increasing as a(t) ∼ t2/3 (we ignore the cosmological con-
stant), so that the curvature parameter in (17) has also
been increasing as t2/3 ∝ T−1. Thus, for |ΩK| < 1 today,
it had to be less than 10−4 at T ≈ 104 K. Furthermore,
during the radiation dominated era, we have a(t) ∼ t1/2,
so that |ΩK| ∝ t ∝ T−2, indicating that |ΩK| < 10−16 at
T ≈ 1010 K. That the value of this dimensionless param-
eter ought to be so small compared to unity in the early
Universe is called the flatness problem [325].
10 Colloquially, Hubble radius crossing of a particular mode is often
referred to as “horizon” crossing, even though the Hubble radius
is not a horizon in a contracting universe (and neither is it, as
far as causality arguments are concerned, in an inflationary uni-
verse); we will not use this possibly confusing terminology [324],
particularly in view of the fact that both inflation and bouncing
cosmologies are introduced in order to solve the horizon prob-
lem in such a way that the actual causal horizon becomes much
larger than any relevant scale.
FIG. 6: How a long contracting phase solves the flatness
problem: behavior of the relative curvature density during
a bounce, ΩK, as a function of conformal time η. During the
contracting phase, the contribution of curvature to the total
energy budget in the Friedmann equation decreases steadily.
It then increases tremendously at the bounce (technically, it
actually diverges when H → 0), but then returns almost to
its pre-bounce negligible value, provided the bounce itself is
sufficiently symmetric. If the elapsed time since the bounce to
today is smaller than the time elapsed during the contracting
phase, curvature still appears negligible today.
Inflation solves this problem in a simple way: consider
(18) and add, for a sufficiently long period of time, a
phase of accelerated (a¨ > 0) expansion (a˙ > 0). In this
case, d|ΩK|/dt < 0 and |ΩK| naturally evolves towards
small values. To ensure that |ΩK|  1 today, one needs
roughly 60 e-folds of inflation if |ΩK| ∼ 1 initially. At
the end of a quasi-exponential phase with ainf ∝ eHt,
(18) indicates that ΩK = |K|H−2e−2H∆t, again requiring
H∆T ∼ 60 in order for the subsequent evolution of ΩK
to be consistent with today’s upper bounds.
This problem is not solved in many alternative pro-
posals to inflation: in string gas cosmology fine-tuning
is required and in models akin to the original ekpyrotic
proposal a vanishing K is selected initially by symmetry
arguments; for example, in the original ekpyrotic pro-
posal the brane that we live on is a BPS brane [48] (see
however [124]). In the Phœnix universe, the currently
accelerated epoch is used as a means of getting rid of the
curvature term. In a way, the cyclic scenario may be seen
as yet another (very low energy) implementation of the
inflationary paradigm since in this model there are 60
e-folds of cosmological constant domination before the
contracting phase, making everything flat [14]. In this
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sense, it can be argued that it is not really an alternative
to inflation.
However, in a bouncing scenario, the flatness problem
can be solved in an altogether different way: consider (18)
in a decelerating (a¨ < 0) and contracting (a˙3 < 0) uni-
verse. The curvature contribution can be made as small
as desired during this contraction, as shown in Fig. 6.
However, close to a nonsingular bounce, the curvature
contribution grows again: consider the Friedmann equa-
tion (7) with the energy density ρ of whatever matter
happens to contribute at that time
1 +
K
a2H2
=
ρ
3H2
,
the r.h.s containing terms behaving like a−3H−2 (mat-
ter), a−4H−2 (radiation) or even a−6H−2 (shear), all
of which dominate over the curvature term Ka−2H−2
whenever the scale factor decreases (a → 0). Therefore,
if the bounce takes place because of any term on the
r.h.s., i.e. in the energy density ρ, it may be that the
curvature remains negligible at the expense of having a
negative energy density source, thus potentially causing
new instabilities.
Subsequently, ΩK grows large at the bounce, although
it has to remain sufficiently small right after the bounce
at the beginning of the expansion phase, so that it can
still be negligible today. The amount of necessary “fine-
tuning” is then transformed into a requirement that the
bounce be sufficiently symmetric: if the curvature term
was negligibly small at the end of the contracting epoch,
it stays roughly negligible at the beginning of the ex-
pansion epoch. This fine tuning is exactly of the same
nature as that found in inflation, which requires the ac-
celerated expansion phase to last at least 60 e-folds. In
many bouncing models, the relevant amount of contrac-
tion is in far excess of the amount of expansion after the
bounce until today. As a result, the flatness problem is
solved as long as the bounce is sufficiently symmetric.
This mechanism is illustrated in Fig. 6.
4. Avoidance of relics
Topological defects, exotic particles and even primor-
dial black holes (PBH) can be created during the early
stages of the Universe. Since estimates of the PBH pro-
duction rate differ by many orders of magnitude, they are
commonly ignored by model builders. The other kinds of
relics must be considered carefully, since their production
rates are well understood, once a model is specified. See
[326] for a brief review by one of the authors of this article
and a collaborator, which we partly reproduce below.
Supersymmetric theories generically predict the exis-
tence of the gravitino, the supersymmetric partner of the
graviton. The gravitino mass has its origins in sponta-
neous supersymmetry breaking and its value ranges from
GeV to TeV. Since the gravitino is long-lived, if its dom-
inant decay mode consists of a photon and its super-
partner, it provides a natural candidate for dark mat-
ter. However, even in the absence of primordial graviti-
nos, they can be thermally produced during the radiation
dominated epoch: this is an example of a thermal relic.
The presence of thermally produced relics such as grav-
itinos imposes stringent constraints on the allowed max-
imal temperature in the radiation epoch. As a result,
one finds an upper limit on the reheating temperature
of order 108 GeV. In any model of the early universe, be
it inflation or a bounce, this constraint must be satis-
fied. Recall that supersymmetry is a key ingredient in
string theory, so these relics are natural in this context.
This problem can be alleviated by a second phase of re-
heating of a long-lived oscillating scalar. Examples of
such fields are the s-axion in F-theory [327] or moduli in
G2-MSSM models arising from M-theory compactifica-
tions [328], but a concrete implementation in bouncing
cosmologies has not been given.
A different example of heavy relics spoiling the subse-
quent evolution of the Universe are super heavy magnetic
monopoles as predicted in theories entailing grand uni-
fication (GUT): since the photon is a massless particle,
we know for sure that at the current-day temperature
of the Universe, the gauge group of particle physics con-
tains a U(1) subgroup. Assuming a GUT based on a
(semi)simple gauge group, G, the presence of a U(1) fac-
tor in the resulting low-energy symmetry group X implies
that the second homotopy group of the vacuum manifold
V ∼ G/X is non trivial, i.e. pi2(V) 6∼ {∅}. As a result,
stable solutions of the point-like kind (in 4D-spacetime)
must form as topological configuration in the symmetry-
breaking Higgs and gauge fields. With a symmetry break-
ing energy scale E
GUT
and a unification coupling constant
q  1, this mechanism produces objects whose mass can
be estimated as Mmonopole ∼ EGUT/q [16–18, 329].
In the original hot big bang scenario, beginning with
a singularity, at least one such monopole per horizon is
produced during the GUT phase transition: this Kib-
ble mechanism is due to causality, resulting in an over
abundance of order Ωmonopoles ∼ 1013 today, if the uni-
verse cooled down from the GUT temperature of approx-
imately T
GUT
∼ 1015 GeV.
The inflationary solution is again simple and natural
[4]: the accelerated expansion dilutes all prior relics dur-
ing inflation and as long as the reheating temperature is
low enough, no further relics are produced. However, this
problem resurfaces acutely, for instance, in the S-brane
bounce, since a thermal component is present. Since
(p)reheating has not been studied in bouncing cosmolo-
gies beyond simple estimates [154, 330], it is unknown
at the time of writing whether or not thermal relics are
formed11. Nevertheless, the defect question becomes a
11 Inflationary and bouncing solutions differ fundamentally; in the
former, the reheating temperature is bounded from above by the
energy scale of inflation, whereas, in the latter it is not a priory
20
crucial one, not on considerations of energy density and
relative contribution, but more fundamentally, because of
the initial conditions they demand: if many Higgs fields
are originally present in the large and cold universe, some
of them must have vacuum expectation values, which in
turns means, for most of those, arbitrary phases. As far
as we know, there seems to be no natural and accepted
way to set up these phases; further, it is not even clear if
such mechanisms exist.12.
5. Homogeneity and initial conditions: the Phœnix
universe as a case study
Inflation initiates in a tiny region of space, assumed to
be roughly homogeneous; this region expands to a huge
size, thus effectively providing a mechanism to consider-
ably alleviate (not solve), the problem of having a homo-
geneous Universe. Given that we observe homogeneity
on sufficiently large scales, any alternative model should
also yield an explanation at least as satisfying as that
provided by inflation. In that respect, bouncing cosmol-
ogy, with its contraction phase, can be in trouble.
A simple possibility considered by one of the authors
of this review in [323] consists in arguing that a large
universe filled with diluted matter can be assumed to be
initially roughly homogeneous, as it is mostly empty (al-
though one should impose some extra constraints on the
behavior of the Weyl tensor). Provided the contraction
is sufficiently slow compared to the diffusion rate of the
particles present at such early stages, one expects any
initial inhomogeneity not only to remain small, but to be
smoothed away through diffusion processes, thus dynam-
ically driving the universe towards a homogeneous state
of equilibrium. This method is, however, not necessar-
ily stable w.r.t. the inclusion of a cosmological constant
[334].
Another option is employed in the cyclic model [129],
which traces back to Lemaˆıtre’s closed, oscillatory model
of the universe undergoing repeated periods of big bang,
expansion, contraction and big crunch [40]. Contrary to
Lemaˆıtre’s model, the cyclic universe has an added com-
ponent, a phase of ekpyrotic contraction [335, 336], that
bounded. In [151], Lehners et al. envisioned reheating in the
cylic scenario as occurring via the transfer of some kinetic energy
between branes. Given this reasoning, it is possible to argue that
the temperature can be expected to be below the upper limits
quoted. Yet, the uncertainty of reheating dynamics in the cyclic
scenario, and other bouncing models, is considerable greater than
in inflationary cosmology. This is pointed out in more detail in
Sec. VI A.
12 Although the phase issue may still be an open one, the monopole
question can possibly be solved in a string theory context since
the effective field theory which emerges as its low-energy limit
is in general not based on a simply connected GUT group, so
that the relevant symmetry-breaking scheme may not include
monopole formation [331–333].
smoothens and flattens the universe. See Sec. III B 1 and
[151] for a review. In accord with Lemaˆıtre’s model, the
underlying idea of the original cyclic scenario is that the
entire universe partakes in the cycling. Recycling the
whole universe can be problematic if the entropy density
grows from cycle to cycle, since our universe has low ini-
tial entropy; this problem can be avoided if the universe
increases sufficiently from one cycle to the next, so that
the entropy density does not grow. Nevertheless one still
needs to understand how the first cycle came into being.
Further, initial conditions appear to be extraordinarily
fine-tuned in any model that uses the entropic mecha-
nism to generate the scale-invariant spectrum13.
To alleviate these problems, the Phœnix universe was
proposed [149]: the universe is reborn from a surviving
seed found among its ashes, which goes hand in hand
with generating curvature perturbations by means of the
entropic mechanism [141]. See Sec. IV E. Namely, due to
the instability of the classical ekpyrotic trajectory along
the potential to transverse fluctuations, large portions of
the universe are converted into inhomogeneous remnants
and black holes which are not able to pass through the
cycles. Nevertheless, if a dark energy expansion phase
with at least 60 e-folds is present before the ekpyrotic
contraction, a sufficiently large portion of space makes it
down the classical trajectory and through the big bang;
this patch grows from cycle to cycle. See Figs. 7 and
8. The dark energy expansion makes space smooth and
flat; thus, this model seems to successfully address the
question of flatness, fine-tuning at the background level
and initial conditions for perturbations; in a way, such
a model can be seen as a special implementation of the
low-energy inflationary paradigm with an added curvaton
mechanism to produce fluctuations, since the current-day
accelerating phase has a pre-big bang counterpart one
could dub inflationary.
An important consequence of the Phœnix universe per-
tains to the amplitude of primordial density fluctuations
[337], as parametrized by the so-called Mukhanov-Sasaki
variable of the adiabatic mode Qζ , see (89) below. In
contrast to inflation where Qζ is fitted by hand to be
in agreement with observations, Qζobs ∼ 10−5, in the
cyclic model, patches of the universe with the appropri-
ate value of Qζ are dynamically selected. This model
employs an entropic mechanism and a change in the di-
rection in which the scalar field moves after a turn in field
space to convert isocurvature modes to adiabatic ones,
see Sec. IV E. According to this mechanism, all patches
that make it through the bounce must have a value [154]
Qζ . 10−4.5. (19)
However appealing it might be, this model produces
large amonts of non-Gaussianities that stem from the en-
13 See however the non-minimal entropic mechanism in [169–171],
which has a stable direction in the entropy direction.
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Habitable
Habitable but collapsible 
                    in the next cycle
Collapsed regions
FIG. 7: The Phœnix Universe. Red regions have stopped
cycling and are collapsed. Dark blue regions represent the
smooth, flat regions (habitable) while the lighter blue areas
are considerably empty and flattened during the dark energy
phase to make it through the next bounce [149]
.
tropic mechanism [154] together with hardly any gravi-
tational waves, see Sec. IV C. It is thus in tension with
current measurements [164, 165, 338].
It is interesting at this stage to mention a possible re-
newal of the solution to the cosmological constant prob-
lem proposed in [339] (see also another discussion of the
same idea in [340]). L. Abbott proposed a more involved
version of this idea [341] which can be implemented in
the cyclic model [153, 342]. The cosmological constant,
Λ, which is assumed to start out large and positive,
steadily decreases to lower values via tunneling along a
long stream of vacuum states, see Fig. 9 (this is not to be
confused with other classes of scenarios for which the cos-
mological constant starts out large but is diminished by
quantum gravity effects, thereby inducing either a phase
of inflation or the current acceleration [343]). After each
successive tunneling event, the universe spends more and
more time in the respective vacuum, because the value of
the cosmological constant is lower than before, reducing
the tunneling rate. The universe ends in a big crunch14
if the tunneling event leads to a negative value of Λ. The
presence of many habitable patches in the cyclic universe
solves the cosmological constant problem a` la Weinberg
[344]: after many cycles, any habitable patch sits in the
lowest vacuum with V ≥ 0. The problem of the orig-
inal proposal by Abbott was that the tunneling events
required eons to commence, so that any initial matter in
the universe diluted, leading to an empty universe; the
cyclic model circumvents this problem because a large
14 It has been speculated that transitions from AdS to dS may be
possible during a bounce, leading to an implementation of bounc-
ing cosmologies in the inflationary multiverse [264], see Sec. II H.
matter density is produced during each cycle; hence the
universe does not end up empty.
B. New challenges
Just like having a phase of inflation generates new chal-
lenges, such as the trans-Planckian problem [345] or the
measure problem, implementing a bounce gives rise to
new issues. These belong to two categories: the first are
cosmological in nature, for instance, a phase of contrac-
tion can lead to an unwanted increase of primordial shear;
the second are of a theoretical kind, since in order for a
bounce to be able to take place in GR (with flat spa-
tial curvature), the underlying theory must be capable
of violating the Null Energy Condition (NEC) without
introducing instabilities.
1. The shear and the need for an ekpyrotic phase
In a contracting universe, anisotropies tend to grow,
potentially spoiling the isotropy seen in the CMBR. Con-
sider negligible initial curvature and a metric of the
Bianchi I type, i.e.
ds2 = −dt2 +a2(t)
[
e2θx(t)dx2 + e2θy(t)dy2 + e2θz(t)dz2
]
,
(20)
with
∑
i θi ≡ θx + θy + θz = 0. The Einstein equations
become
H2 ≡
(
a˙
a
)2
=
1
3
ρ+
1
6
∑
i
θ˙2i ≡
1
3
(ρ+ ρθ) , (21)
where i ∈ {x, y, z}, ρθ is the energy density contained
in the anisotropy stemming from the functions θi (the
shear) and
H˙ = −1
2
(ρ+ P )− 1
2
∑
i
θ˙2i . (22)
Eqs. (21) and (22), together with the fact that
∑
i θi = 0,
imply that θ¨i + 3Hθ˙i = 0, and ρθ ∝ a−6 .
The FLRW limit, which is currently observed to be
valid, must be recovered. At first sight, this seems to be
impossible in a contracting phase: the continuity equa-
tion (8) for the constituents of the universe interacting
exclusively via gravity with energy densities ρI , pressure
density PI and equation of state parameter wI ≡ PI/ρI
is
ρ˙I + 3HρI (1 + wI) = 0 , (23)
and hence, each component, I = radiation (wrad =
1
3 ),
non-relativistic matter (wdust = 0), cosmological con-
stant Λ (wΛ = −1), curvature (wK = − 13 ), or shear
density (wθ = 1), evolves as
ρI ∝ a−3(1+wI) . (24)
22
q
fluctuations
via 
q2
V(  )
q1
stable initial conditions
that make it through the bounce
Dark Energy Expansion
Ekpyrotic Phase
populated
Kinetic Phase
FIG. 8: Schematic of the potential for the Phœnix universe [149] during the dark energy domination. After the bounce, the
trajectory goes back up the hill to the plateau, but, due to the presence of an unstable direction, it will be displaced from the
initial trajectory. Initial values in the light blue region around the initial trajectory are sufficient to guarantee a successful next
bounce. Other initial values, on the other hand, lead to a big crunch. During the dark energy domination, quantum fluctuations
populate the red region. As long as the space-time region in which initial conditions lie within the blue patch grows from cycle
to cycle, universes are reborn out of their ashes. This is guaranteed in the cyclic model if dark energy domination lasts for at
least 60 e-folds.
The Friedmann equation (6), which provides the time
evolution of the Hubble parameter including the above
components, reads
H2 =
1
3
[
−3K
a2
+
ρm0
a3
+
ρr0
a4
+
ρθ0
a6
+ ...+
ρφ0
a3(1+wφ)
]
,
(25)
where we have considered a last contribution from a yet-
unknown constituent labeled φ with equation of state pa-
rameter wφ. In the absence of the latter constituent, it is
clear that when the universe contracts, i.e. when a→ 0,
the anisotropy term, ∝ a−6, rapidly becomes dominant:
if one starts with even a slightly perturbed FLRW uni-
verse, one might end up with a highly anisotropic Bianchi
solution unless the primordial shear was generated by
quantum vacuum fluctuations; in this case, scalar and
vector perturbations, regardless of their magnitude [346],
remain comparable [347]: the problem only arises in the
presence of primordial classical shear and it is absent in
inflationary models because any pre-existing anisotropy
is diluted. Fortunately, there is a simple mechanism to
solve the shear problem in a contracting universe: the
incorporation of an ekpyrotic phase.
A generic ekpyrotic scenario requires a scalar field φ,
chosen to have canonical kinetic energy without higher
derivative interactions, that is set-up to roll down a steep,
negative potential V (φ); a slow contraction ensues with
an equation of state parameter wφ  1, instead of an ac-
celerated expansion which occurs in the slow-roll poten-
tial of inflation. Hence, the scalar field dominates at some
point and anisotropies become suppressed in comparison.
Fig. 10 depicts such a generic ekpyrotic potential.
Let us illustrate this mechanism with a simple expo-
nential potential (which we will use for the calculation of
correlation functions in Sec. IV) as in [48],
V (φ) ≈ −V0e−cφ, (26)
where15 c ≡ √2/p  1, p  1 and V0 > 0; the energy
density and pressure in the homogeneous case are given
by (10). As the field rolls down the steep, negative region
of the exponential potential, the scale factor exhibits a
power-law solution, similar to power-law inflation; this
solution, which causes a slow contraction of the universe,
is an attractor. As discussed below, in order to meet
the requirement of a nearly scale-invariant spectrum, the
potential must satisfy the fast roll condition,
 ≡
(
V
V,φ
)2
 1 , (27)
the notation V,φ denoting a derivative of V with respect
to φ. Condition (27) is satisfied in a steep, nearly ex-
ponential potential, see region a in Fig 10, but other
potentials can be used. Using the FLRW metric (2), the
15 To suppress anisotropies one needs p > ρ, that is c2 > 6, which
is identical to the requirement for having an atractor [348].
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FIG. 9: Because the age of the universe is extended in cyclic
models, one may invoke the proposal by Abbot [341] to lower
the value of the cosmological constant from cycle to cycle: a
field φ3 orthogonal to the fields needed for the bounce is as-
sumed to have a potential with many closely spaced minima
on a shallow slope, with ∆V ∼ VΛ. The occasional tunnel-
ing event reduces the value of the cosmological constant as
the universe cycles, until the lowest lying positive vacuum is
reached. Since tunneling to anti de Sitter is suppressed, habit-
able patches will eventually end up with a small cosmological
constant.
equations of motion are given by the Klein Gordon equa-
tion
φ¨+ 3Hφ˙ = −dV
dφ
, (28)
along with the Friedmann equations,
3H2 = V +
1
2
φ˙2 , (29)
H˙ = −1
2
φ˙2 . (30)
With the potential (26) these equations are solved by
a(t) ∝ (−t)p , (31)
H =
p
t
, (32)
φ(t) =
√
2p ln
[
−
√
V0
p(1− 3p) t
]
, (33)
where t is negative and increases towards zero. The equa-
tion of state parameter wφ = P/ρ during the scaling so-
lution on the exponential potential is that of a stiff fluid,
wφ = −1+2/(3p) ∼ 2/(3p) 1. Hence, the ratio of cur-
vature ∝ a−2 and anisotropy ∝ a−6 to the scalar field’s
energy density ρφ = a
−3(1+wφ) scales as
a−2,−6
a−3(1+wφ)
∝ a
−2,−6
a−2/p
−→
p1
a2/p ∼ 1
H2
, (34)
where we used p  1 in the last steps, see [349] for a
comprehensive discussion. Thus, any pre-existing curva-
ture and anisotropy ends up being sub-dominant close to
q
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FIG. 10: Schematic of a generic ekpyrotic potential. In region
a, the scalar field rolls down the steep, negative part of the
potential, leading to a scaling solution (an attractor) leading
to a slow contraction. In region b, the scaling behavior ends
and the potential is assumed to have a minimum that rises
back to positive values to avoid a residual negative vacuum
energy at the end of the ekpyrotic phase. In region c, the
universes reverses from contraction to expansion. The shape
of this region is model-dependent. The ekpyrotic phase alle-
viates the shear problem, see Sec. III B 1.
the bounce. If the ekpyrotic phase lasts N e-folds, cur-
vature and anisotropy diminish by a factor of e−2N , and
the universe is homogeneous and isotropic prior to the
bounce. See Sec. III B 2 below for a discussion on how
such a super-stiff equation of state can avoid the BKL
instability.
When the scaling behavior ends, the potential must
rise back from its negative minimum to positive values, in
order to avoid a lingering large negative vacuum energy,
region b in Fig. 10. The ekpyrotic phase may be used
in conjunction with different bounce mechanisms such as
a galileon bounce, see Sec. II F. Thus the potential in
region c is model dependent.
2. BKL instability
A bounce can be disrupted when an instability to the
growth of anisotropy is present, see for instance Sec. V B,
so that the energy corresponding to anisotropy ∝ a−6
dominates. In 1970, Belinsky, Khalatnikov and Lifshitz
(BKL) showed that any initial anisotropy grows unstable
as the universe contracts towards a big crunch [350]. It
can then be amplified sufficiently in a contracting phase
to spoil a bounce if P < ρ [350, 351]; this BKL insta-
bility can be avoided by means of an ekpyrotic phase,
for which P  ρ. However, if spatial curvature is am-
plified and dominates, a mixmaster phenomenon takes
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place, in which space contracts and expands in different
directions. The result is an inhomogeneous, anisotropic,
singular crunch [352].
It has been argued that such a mixmaster behavior
can also occur in models with ultra-stiff matter, w  1,
[353]: assuming anisotropic pressures in such models,
Barrow et al. argued that the isotropic FLRW universe
would cease being an attractor. Thus, distortions and
anisotropies are expected to be strongly amplified during
contraction in cyclic or ekpyrotic cosmologies. However,
prior analytic [335] and numerical studies [336] of an
ekpyrotic contraction showed that while anisotropies and
inhomogeneities indeed grow in some regions, leading to
an effective equation of state parameter w = 1, other
regions remain smooth and isotropic. The proper volume
ratio of the latter to the former grows exponentially
along time slices of constant mean curvature. In this
sense, the ekpyrotic smoothing mechanism is indeed
effective in avoiding the mixmaster behavior in most, if
not all, regions.
As we show below, such an ekpyrotic phase discussed
in Sec. III B 1 could generate, just as in inflation, an
almost scale-invariant curvature perturbation spectrum
[139]. Whether or not this can be made to agree with
the observational data is a different topic, as one then
needs to transfer these perturbations through the bounc-
ing phase, see Sec. IV F.
3. NEC violation
The success of a bounce depends on several factors.
First and foremost, the Hubble parameter must change
its sign from negative to positive at the bounce, com-
monly requiring the violation of the Null Energy Condi-
tion (NEC) in the framework of GR,
Tµνn
µnν ≥ 0, (35)
where nµ is an arbitrary null vector (gµνn
µnν = 0); for an
ideal fluid with stress-energy tensor given by (5), Eq. (35)
is equivalent to (ρ+P )(u·n)2, which implies, since u·n 6=
0 (u being timelike and n lightlike),
ρ+ P ≥ 0. (36)
Indeed, in the absence of curvature, the Einstein equa-
tions imply
H˙ = −1
2
(ρ+ P ), (37)
which, along with (36), prohibits a nonsingular bounce:
in order to have a Hubble rate always increasing from
negative to positive values, the null energy condition
must be violated for a finite amount of time ∆t, i.e. ρ+
P < 0 for ∆t > 0 around the bounce time. Hence, the
violation of the NEC is crucial for models with vanish-
ing (or negative) spatial curvature described by GR that
weave together a contraction and an expansion phase.
The violation of the NEC usually leads to ghosts, in-
dicating dangerous instabilities at the classical and/or
quantum level and superluminality [354]. See [355] for a
recent review. Ghosts can be avoided in certain set-ups
by employing, for example, a ghost condensate (higher
derivatives) [356, 357], conformal galileons [230] (con-
formally invariant scalar field theories with particular
higher-derivative interactions) [238] or DBI conformal
galileons (a 3-brane moving in an anti-de Sitter bulk,
AdS5), used, for example, in the inflationary models of
DBI Genesis [358].
Desirable properties for a healthy bounce according to
[358, 359] include,
1. A stable Poincare´-invariant vacuum.
2. The 2→ 2 scattering amplitude about this vacuum
obeys standard analyticity conditions.
3. A time-dependent, homogeneous, isotropic solution
which allows for a stable violation of the NEC.
4. A subluminal propagation of perturbations around
the NEC-violating background.
5. A stable solution against radiative corrections.
Many proposed bouncing models have problems satis-
fying these conditions, as shown in table III taken from
[359] for a limited selection of models, highlighting the
improvements of some iterations within the framework
of galileon theories. [359] provides an extended review
of what is presented here. The models in this table are
comprised of a ghost condensate [356], Galileon genesis
[230, 237, 238, 360] based on conformal galileons, DBI
genesis [233], and a recent proposal by Elder, Joyce and
Khoury (EJK model) [359].
A common stumbling block is superluminality, which
only the most recent iterations of galileon models were
able to avoid. It was further argued in [361, 362] that
Galileon theories plagued with superluminality can be
mapped into their dual analogues, which are free of su-
perluminality; this idea has not yet been employed else-
where.
As argued in [359], any theory needs to admit a smooth
interpolation between a Poincare´-invariant vacuum and
the NEC-violating region. Such a smooth interpolation is
impossible in a single-field dilation invariant theory [363]
(see also [364] in the different but related context of phan-
tom dark energy). By relaxing the assumption of dilation
invariance, the EJK model in [359] admits a solution that
allows not only a healthy interpolation between a NEC-
satisfying phase at early times and a NEC-violating phase
at late ones, but is also subluminal.
Since many recent proposals of bouncing cosmologies
employ ghost condensates and/or galileons, see table II,
we provide in the next section a brief introduction to the
galileon theories outlined above, even though they are not
bouncing models on their own. The cosmological super-
bounce [71], based on the incorporation of a galileon into
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supergravity, avoids the problem of superluminality and
is one of the more promising bouncing models to date.
C. Frameworks and partial answers
Implementing a bounce is not an easy task since the
underlying theory must have many new properties. In or-
der to be capable of having a bouncing solution, the the-
ory must accommodate the violation of the NEC without
initiating instabilities, which would spoil the very exis-
tence of the bounce. For instance, whatever the value
of the spatial curvature, a bouncing phase initiated by
a perfect fluid with energy momentum tensor (5), even
including entropy modes, will always be absolutely un-
stable in the framework of GR [47].
Viewing General Relativity as a low energy effective
theory, there are two basic options: to modify gravity
or to consider matter content with special properties. A
third alternative is to consider non-perturbative results
in string theory. After a brief excursion on modified grav-
ity models we introduce galileon theories, since this spe-
cial class of exotic matter exhibits desirable properties
for building bouncing cosmologies. For instructive pur-
poses we follow with one concrete example, the matter
bounce, which employs galileon fields. We conclude with
two models based on T-duality in string theory, the S-
brane bounce and a Hagedorn phase in string gas cosmol-
ogy; the bounce in the latter set-ups is not describable
within General Relativity or dilaton gravity, but is based
on non-perturbative symmetries.
1. Modified gravity
There are many ways to modify gravity. Historically,
the first models included a scalar mode in addition to
the metric (a tensor) of General Relativity; since these
scalar tensor theories are equivalent to ordinary GR with
a modified matter content, we do not consider them sep-
arately. More complicated theories have been suggested,
where terms are added to render the cosmological evolu-
tion explicitly singularity-free [35]. Such models, which
are appropriate to describe a bouncing phase, can be ex-
pressed as
S = 1
2
∫
d4x
√−g
[
R+
∑
i
φiI
(i) − V (φ1, φ2, . . . )
]
,
(38)
where the I(i) are undetermined functions of curvature
invariants, related to the Lagrange multipliers through
the Euler-Lagrange equation I(i) = dV/dφi. Demanding
that V ∼ ∑i φ2i + · · · for ∑i φ2i → 0 and V → 2Λ for∑
i φ
2
i → ∞, with Λ a constant, the theory reproduces
GR for low curvatures and yields a de Sitter solution for
high curvature. Bouncing solutions can be implemented
in this framework [365]; these solutions are stable and
connect a contracting de Sitter phase to an expanding
one.
Massive gravity can also lead to bouncing solutions.
Defining gravity with respect to a de Sitter metric,
bouncing solutions exist [69], if positive spatial curva-
ture is present, even for a fluid satisfying the strong en-
ergy condition ρ+ 3P > 0. However, these solutions are
either doomed by a future singularity (curvature singu-
larity or one that is unique to massive gravity) or tend
to an asymptotic de Sitter regime.
Generically, modifications of gravity are expected to
arise after quantization of gravity. Methods employing
high energy physics have been proposed, most notably
string theory, in which case one may often switch from
the point of view of modified gravity to new compo-
nents of the energy momentum tensor, as discussed in
Sec. III C 5. Similar attempts have been made in Loop
Quantum Gravity (see Sec. II A 1).
As we discussed in Sec. II B, a complementary ap-
proach one may contemplate consists in an effective
low-energy modification, as in the Wheeler-De Witt ap-
proach, whereby quantization is attempted in a super-
space consisting of the set of all possible 3-metrics {hij}.
Such an approach is usually unfeasible unless an addi-
tional mini-superspace approximation is performed, in
which the infinite number of degrees of freedom is re-
duced to a few, for instance by considering only homoge-
neous and isotropic metrics. In [117], it was shown that in
the presence of a simple perfect fluid, the singularity can
always be avoided, independent of the fluid’s equation
of state and the spatial curvature. Moreover, pertur-
bations in such models can be treated self-consistently.
In [119, 120], a model dominated by a dust-like perfect
fluid was shown to produce a scale-invariant spectrum
of perturbations [323], otherwise commonly obtained in
the so-called matter bounce (see Sec. III C 3). As this
review aims at concentrating on classical GR or mod-
ifications thereof, we shall now move on to the second
option to implement a bounce, namely that of changing
the constituent behavior acting as a source in the Ein-
stein equations.
2. Modified matter content
• Ghost fields
To violate the NEC by brute force at the phenomeno-
logical level, one may include a ghost field with the La-
grangian
L = 1
2
(∂φ)2 − V (φ), (39)
where φ has a canonical kinetic term with the wrong sign.
In the absence of a potential (V → 0), the energy den-
sity and pressure are equal (ρ = P = − 12 φ˙2), so that
ρ + P = −φ˙2 < 0 and the NEC is violated. Such an
26
Ghost condensate Galilean Genesis DBI Genesis EJK Theory [359]
NEC vacuum 3 3 3 3
No ghosts 3 3 3 3
Sub-luminality 3 3 3 3
Poincare´ vacuum 7 7 3 3
No ghosts – – 3 3
S-Matrix analyticity (2→ 2) – – 3 3
Sub-luminality – – 7 3
Interpolating solution – – 7 3
Radiative stability 3 3 3 7
TABLE III: Successes and drawbacks some of models that violate the NEC, taken from [359].
inclusion produces large amounts of adiabatic perturba-
tions [47], because intrinsic entropy modes are absent. To
counter this instability and render the total energy den-
sity positive, one may couple the negative energy fluid
to an ordinary perfect fluid with positive energy, such as
radiation. The resulting entropy modes, which were pre-
viously absent, render the model phenomenologically vi-
able: using a free scalar field to mimic a stiff fluid (i.e. one
with an equation of state parameter w = 1), such a model
was shown to be stable. The conditions to produce a
scale-invariant spectrum of perturbations were calculated
in [62]. This model, however intrinsically problematic be-
cause relying on an unstable negative energy field, may
be seen as a precursor of a ghost condensate: the tem-
porary effective violation of the NEC merely permits the
bounce to occur, but the negative energy component is
otherwise subdominant for most of the universe history.
No implementation was suggested in practice (see also
[366] for a bounce introduced by K-essence, where the
conditions for a regular bounce, as well as anisotropies,
were discussed): A more general phase space analysis of
models with generalized kinetic terms can be found in
[367], where conditions under which a bounce is possible
in the NEC violating regime are derived.
The same idea was applied to the special situation in
which, instead of radiation, the positive energy fluid is a
scalar field whose dynamics is driven by an exponential
potential [285], providing a model for the matter bounce.
Contrary to many other bouncing models, the amplitude
of tensor modes can be large, of order r ∼ O(30) [284,
285], with a scale-invariant spectrum, in excess of current
measurements, see Sec. IV C.
Xue et al. studied in [368] the evolution of fluctuations
(in the same framework) non-perturbatively by means
of simulations. They found that some regions of space
could undergo a regular bouncing epoch, provided ini-
tial conditions were sufficiently close to being homoge-
neous and isotropic, while other regions would collapse,
see Sec. IV A for details. Similar to a multiverse version
of inflation, in which causally disconnected pieces of the
Universe behave in different ways, our observable part is
but a small patch of the full cycling multiverse.
Evidently, while simple ghost fields are unrealistic,
the resulting simplicity of bouncing models enables one
to address otherwise inaccessible questions.
• Ghost-condensate
As summarized in [359], the violation of the NEC in
theories that involve one derivative per field, L(φI , ∂φI),
implies the existence of either ghosts, gradient insta-
bilities or superluminal propagation of perturbations
[354, 369]. In the previous paragraph, we discussed a few
models which assumed such ghost fields for a finite du-
ration. This can be implemented explicitly in the ghost-
condensate technique according to which a field manages
to violate the NEC only for some time, being dynami-
cally driven first into this regime, and subsequently out
of it.
A ghost condensate [356] can arise from a higher-
derivative theory containing the Lagrangian density
L = P (X), (40)
where the pressure function P (X) is an arbitrary differ-
entiable function of the standard kinetic energy term
X ≡ −1
2
∂µφ∂
µφ, (41)
and which, in the cosmological context in which the scalar
field depends only on time, reads X = 12 φ˙
2; the canonical
kinetic term of (9) is obtained in the limit where P →
X. Using the flat FLRW metric (2) with K = 0, the
scalar equation of motion becomes (we follow [370] in
this section)
d
dt
(a3P,X φ˙) = 0 . (42)
If φ is a constant, (42) is trivially satisfied. However, if
X is a constant and P,X = 0 at X = Xc, the equation of
motion allows for the ghost-condensate solution
φ =
√
2Xct . (43)
The energy density is given by
ρ = 2XP,X − P , (44)
where the pressure is identified with the Lagrangian func-
tion P . Since, by definition, X > 0, a violation of the
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FIG. 11: Schematic of P (X) in the vicinity of the ghost con-
densate point at Xc [371]. To the right of Xc the kinetic term
approaches the canonical one which is valid during the ekpy-
rotic and kinetic phases. To the left of Xc the kinetic term
has the wrong sign enabling the violation of the NEC and the
occurrence of a bounce. Labels are consistent with Fig. 20.
NEC can only result provided there exists a region for
which P,X < 0. Therefore, the shape of the function
P (X) should have a local minimum, denoted by Xc in
Fig. 11 which shows schematically the typical shape of
P (X) enabling a temporary NEC violating phase. The
theory is well-behaved near the ghost condensate point,
if seen as an effective description of only the bounce –
the model is self-consistent and does not contain a ghost.
However, if seen as a fundamental theory, the model is
problematic since it does not exhibit a Lorentz-invariant
vacuum [359]: to avoid ghosts, P,XX(Xc) > 0 has to
hold. On the other hand, we need limX→0 P,X > 0 for a
Lorentz-invariant vacuum, which cannot be reached from
the minimum of P (X) at Xc without inducing patholo-
gies.
In the validity range of the ghost condensate regime,
the Einstein’s equations (6) imply
H˙ =
K
a2
− 1
2
(ρ+ P ) −→
K→0
−1
2
(ρ+ P ), (45)
so that a nonsingular bounce is possible in this regime.
This mechanism was employed in [357] and in the new
Ekpyrotic scenario [142–144], which, however, suffers
from several instabilities [50]; see Sec. V. It was also
implemented as the bounce mechanism for the matter
bounce in [63].
In the next subsections we investigate galileon theories
which can improve upon the ghost condensate.
• Galileon genesis
An alternative to violate the NEC without introduc-
ing gradient instabilities is given by conformal galileons
[360, 369] (see also Kinetic Gravity Braiding [234] used in
the G-bounce [229]). The simplest conformally-invariant
galileon Lagrangian in [237] takes the form (we follow
again [359]),
L = f2e2φ(∂φ)2 + f
3
Λ3
(∂φ)22φ+
f3
2Λ3
(∂φ)4, (46)
where φ is the galileon field and f and Λ are con-
stants. This theory has a time-dependent solution, φ =
− ln(−H0t) with H20 = 2Λ3/(3f) for −∞ < t < 0. To
remain within the confines of EFT we need f  Λ so
that H0  Λ. Since16 [237, 238, 360]
ρ+ P = − 2f
2
H20 t
4
, (47)
the NEC is violated for this solution. Furthermore, per-
turbations are stable and propagate luminally, but small
deformations of the solution, which break homogene-
ity/isotropy [372], lead to superluminality.
To avoid superluminality, [238] reduced the symmetry
by considering a deformation of the original Lagrangian
(46) to
L = f2e2φ(∂φ)2 + f
3
Λ3
(∂φ)22φ+
f3
2Λ3
(1 +α)(∂φ)4, (48)
where α is a dimensionless parameter of order unity. The
case α 6= 0 breaks conformal invariance, while preserving
dilation invariance. The solution for the galileon is un-
changed, while H20 = 2Λ
3/[(1 + α)3f ] is simply rescaled.
The time-dependent solution violates the NEC if
ρ+ P = − 2f
2
H20 t
4
3 + α
3(1 + α)
(49)
is negative, requiring
α > −1 or α < −3 . (50)
Expanding the Lagrangian around this solution to second
order, one can read off the speed at which perturbations
propagate, namely
c2
S
=
3− α
3(1 + α)
. (51)
In order to avoid instabilities we need c2
S
> 0 and in
order to avoid superluminality we need c2
S
≤ 1. Thus
the NEC can be violated while retaining stability and
subluminality for
0 < α < 3 . (52)
16 We corrected a typo in [359].
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Similar to the ghost-condensate model, no Lorentz-
invariant vacuum is present, even if the set-up were ex-
tended to include higher-order conformal galileons [238].
However, perturbations are stable on all scales, opposite
to ghost-condensate models, which are unstable on large
scales during the NEC-violating phase.
Lagrangians of the above type are used in the galileon
genesis scenario [230, 237, 238, 360], among other
proposals [234, 235].
• DBI genesis via conformal galileons
Even though the aforementioned models lack a
Lorentz-invariant vacuum, either one of them may de-
scribe our Universe as an effective theory during the
bounce; nevertheless, none of them can be seen as a
fundamental theory. To improve upon this shortcom-
ing, even more complicated galileon theories have been
considered, while still avoiding superluminality. An ex-
ample is to consider Dirac-Born-Infeld (DBI) conformal
galileons [358], as summarized in [359], which we follow
below. These theories describe the motion of a 3-brane
by means of an effective scalar field φ in an AdS5 ge-
ometry. The resulting 4D Lagrangian for φ is given by
[358]
L = c1L1 + c2L2 + c3L3 + c4L4 + c5L5 . (53)
where
L1 = −1
4
φ4, (54)
L2 = −φ
4
γ
, (55)
L3 = −6φ4 + φ[Φ] + γ
2
φ3
(−[φ3] + 2φ7) , (56)
L4 = 12φ
4
γ
+
γ
φ2
{
[Φ2]− ([Φ]− 6φ3) ([Φ]− 4φ3)} (57)
+2
γ3
φ6
{−[φ4] + [φ3] ([Φ]− 5φ3)− 2[Φ]φ7 + 6φ10} ,
L5 = 54φ4 − 9φ[Φ] + γ
2
φ5
(
9[φ3]φ2 + 2[Φ3]− 3[Φ2][Φ]
+ 12[Φ2]φ3 + [Φ]3 − 12[Φ]2φ3 + 42[Φ]φ6 − 78φ4)
+3
γ4
φ9
{
− 2[φ5] + 2[φ4] ([Φ]− 4φ3)
+[φ3]
(
[Φ2]− [Φ]2 + 8[Φ]φ3 − 14φ6)
+2φ7
(
[Φ]2 − [Φ2])− 8[Φ]φ10 + 12φ13}, (58)
with 5 free coefficients cI=1...5, and
γ ≡
[
1 +
(∂φ)2
φ4
]−1/2
(59)
is the Lorentz factor for the brane motion; Φ denotes the
matrix of second order derivatives ∂µ∂νφ, [Φ
n] ≡ Tr(Φn),
and [φn] ≡ ∂φ · Φn−2 · ∂φ, with indices raised by the
Minkowski metric ηµν [230]. The LI are Lovelock invari-
ants and guarantee second order differential equations
[233].
Suitable choices of the free coefficients, cI ’s, allow
for a solution eφ ∝ 1/t, leading to the stable violation
of the NEC [358]. A nice feature of this model is
that the speed of sound of fluctuations is subluminal
while preserving conformal invariance; further, the
solution is stable against radiative corrections and a
stable Poincare´-invariant vacuum is present. However,
weak-field deformations of the vacuum may again
lead to superluminality and it is not clear if this is a
mere pathology [361, 362] and how it should be cured.
Nevertheless, this is the first model in the literature
that allows the coexistence of a NEC-violating solution
and a stable Poincare´-invariant vacuum, although no
interpolating solution between them is given in [358].
• Elder, Joyce, Khoury (EJK) model
A smooth transition from a Poincare´-invariant vacuum
to a NEC-violating phase is necessary, if such a model is
to be used to generate a bounce. Rubakov showed in [363]
that such an interpolation is impossible in single-scalar
field theories that obey dilation-invariance. Violating the
latter, a time-dependent, smooth interpolation between
such solutions is presented in [359] (we refer to this work
as the EJK model). There, the galileon Lagrangian (46)
is generalized to
L = Z(φ)e2φ(∂φ)2 + f
3
0
Λ3
(∂φ)22φ+
1
I(φ)
f30
2Λ3
(∂φ)4, (60)
where, Z(φ) and I(φ) break scale invariance and are cho-
sen to interpolate between a NEC satisfying solution at
early times and a violating one at late times. In [359],
these functions are taken to be
I(t) = I0(
1 +
t
t∗
)8 , (61)
Z(φ) = f
2
0
(eφ−φ∞ − 1)4
[
e4(φ−φ∞) −
(
1 +
f2∞
f20
)]
, (62)
where f0, f∞,Λ, I0 and φ∞ are constants. For suitable
choices of these parameters, it was shown in [359] that
this model contains most of the necessary ingredients for
a stable bounce: a Poincare´-invariant vacuum, stable,
subluminal perturbations and an interpolation to a NEC-
violating phase. See table III for a reproduction of the
results presented in [359].
To summarize, particular galileon theories appear to
be promising candidates to construct nonsingular bounc-
ing models that avoid pathological problems associated
with the violation of the NEC such as ghosts, instabilities
and/or superluminality.
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3. Example: a nonsingular matter bounce
Nonsingular bouncing models are attractive since
four dimensional General Relativity remains applicable
throughout. The price one pays is that a component to
the energy content of the universe must violate the NEC,
often leading to dangerous instabilities, see Sec. III B 3
and Sec. V. This was emphasized for instance in [371]
in which the action, besides gravity, is that a of a scalar
field φ with Lagrangian,
L = P (X)− V (φ) , (63)
where the function P (X) is depicted in Fig. 11 and the
potential is illustrated on the right hand side of Fig. 12.
In such an approach, the ekpyrotic phase must last a
sufficiently long time in order to drive the shear contri-
bution ρθ in (21) to vanishingly small values. At this
stage, the universe enters a rapid phase of kinetic dom-
ination (labeled “kinetic phase” in Fig. 11) driving the
field to the minimum of its potential and hence, to the
ghost-condensate point. At this stage, the Hubble rate is
large and negative, so that the ensuing phase must also
last a long time in order to lower |H|. Once the field has
passed the ghost-condensate value, the NEC is violated,
allowing for a bounce to eventually take place; this long
period of NEC violating contraction tends to increase
the shear exponentially, thereby ruining the benefit of
the ekpyrotic phase.
A proposal that appears to avoid this instability is
given in [225]. In this model, the curvature fluctuations
are expected to be scale invariant due to the presence of
a matter phase and the bounce is nonsingular, bypassing
the initial big bang singularity17. The universe undergoes
a contraction, stops and reverses to expansion at a finite
value of the scale factor while General Relativity remains
valid. The NEC is violated via a ghost condensate and a
galileon field. Adopting the form of the Kinetic Gravity
Brading (KBG) model of [229], the Lagrangian is
L = K(φ,X) +G(φ,X), (64)
where K and G are functions of a dimensionless scalar
field φ
K(φ,X) = [1− g(φ)]X + βX2 − V (φ) . (65)
The value of β is chosen so that the kinetic term is
bounded from below at high energy scales and the dimen-
sionless function g(φ) is chosen so that a phase of ghost
condensation occurs briefly when φ approaches φ = 0,
see Fig. 12(a); G is a galileon type operator,
G(X) = ΥX2φ , (66)
17 The nomenclature to call this bounce a “matter bounce” is un-
fortunate as the model requires no prior matter dominated con-
traction phase; it is, nevertheless, used as such in the literature.
with Υ a positive-definite number and
2φ ≡ gµν∇µ∇νφ . (67)
This term is introduced to stabilize the gradient term
of perturbations. The potential is shown in Fig. 12 to-
gether with the function g(φ). This function has a maxi-
mum which is only slightly larger than unity. The dy-
namics differs considerably from that of the previous
model: right after the ekpyrotic contraction that sup-
presses the shear to negligible values, the NEC is only vi-
olated briefly, leading to a rapid bounce immediately fol-
lowed by a fast-roll expanding phase. The shear growth
is present, but has no time to develop efficiently, lead-
ing to logarithmic growth only. When expansion takes
over, the shear decreases again: it is easy to set up ini-
tial conditions such that this shear never dominates the
overall dynamics18. The schematic of such a bounce is
illustrated in Fig. 13.
Specifically, using the matter action (64) leads to the
modified Einstein equations
Rµν − 1
2
gµνR = (−K + 2XG,φ +G,X∇σX∇σ) gµν
+(K,X +G,X2φ− 2G,φ)∇µφ∇νφ
−G,X(∇µX∇νφ+∇νX∇µφ), (68)
where F,φ and F,X denote derivatives of F with respect
to φ and X respectively.
To achieve a nonsingular homogeneous bouncing solu-
tion with an ekpyrotic phase of contraction, the authors
of [225] choose the potential,
V (φ) = − 2V0
e
−
√
2
qφ + e
bV
√
2
qφ
, (69)
where V0 is a positive constant with mass dimension and
q, bV are free parameters (see Fig. 12a for a schematic).
The choice of g(φ) is crucial for the success of a nonsin-
gular bounce, since g should dominate the kinetic term
for |φ|  1 to violate the NEC. The function
g(φ) =
2g0
e
−
√
2
pφ + e
bg
√
2
pφ
, (70)
with free parameters p, g0 and bg, was chosen in [225].
To summarize, the model entails the choice of two
free functions V (φ) and g(φ) and 2 constants, which in
[225] reduces to the specification of 8 parameters, namely
{V0, q, g0, p,Υ, β, bV , bg}; a set of numerical values was
then chosen, among many others, merely to provide a
proof of concept to illustrate a bounce that avoids the
BKL instability: the calculation was done in the Bianchi
18 Note that in this model, a large, flat, empty universe is assumed.
These initial conditions may be seen as unnatural and hence
highly fine-tuned.
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FIG. 12: Schematic of the potential in the model proposed in (a) [225] and (b) in [371]. In (a), the ghost condensate is triggered
at a certain value of φ via the function g(φ) of the galileon; φ does not necessarily slow down during the ghost condensate phase,
enabling a fast bounce after the ekpyrotic contraction in order to avoid the regrowth of the initial anisotropy, instability C, see
Sec. V. In (b) the potential V (φ) for the scalar field φ rises in order to slow down the field; the ghost condensate is triggered
at a small value of the kinetic term, Xc, as set by the kinetic term P (X). Such a ghost condensate bounce takes considerable
time after the ekpyrotic phase and suffers from a regrowth of anisotropies as the field slows down, see Sec. V C.
I case in which a flat, homogeneous but anisotropic Uni-
verse contracts under the domination of a dust-like fluid.
As mentioned above, the resulting curvature perturba-
tions are scale invariant as shown in [373]. The instabil-
ities discussed in Sec. V are not present in this context
because the bounce is rapid and immediately followed by
a rapid expansion that counterbalances any prior increase
of the shear, which is produced marginally (logarithmi-
cally) during the bounce. The duration of the bounce,
which is short in comparison to the Hubble time just be-
fore it, is however long enough to ignore quantum gravity
corrections, which would spoil the predictability of the
model.
4. The cosmological super-bounce
Based on prior work in [225], Lehners et al. constructed
a super bounce in [71] based on a galileon Lagrangian
given by
L = −R
2
+ P (X,φ) + g(φ)X2φ , (71)
where
P (X,φ) = k(φ)X + t(φ)X2 − V (φ) , (72)
V (φ) is the usual ekpyrotic potential, as depicted in
Fig. 12(a), and
k(φ) = 1− 2
(1 + 2κφ2)2
, (73)
t(φ) =
t¯
(1 + 2κφ2)2
, (74)
g(φ) =
g¯
(1 + 2κφ2)2
, (75)
while t¯, k¯ and g¯ are constants. These functions are chosen
such that the effective ghost condensate (L ∼ −X +X2)
and the galileon term violate the NEC briefly, leading to
a bounce. The functions t and g are non-zero as k passes
through zero to prevent a singularity. Opposite to [225],
where t = t¯ and g = g¯, the higher derivative terms turn
off for large values of φ, particularly during the ekpyrotic
phase, to simplify an implementation into supergravity.
The functional form of t, k and g entails considerable
freedom of choice.
As mentioned in Sec. II F, the above Lagrangian can
be implemented in supergravity after a computational
tour de force, see [71] for details. The resulting bounce
is devoid of the many pitfalls reviewed in Sec. V, and
thus, at the time of writing, one of the most successful
nonsingular bouncing models, see Table II.
Observables, such as the scalar spectral index and non-
Gaussianities, are consistent with the known results in
ekpyrotic scenarios, see Sec. IV, since curvature pertur-
bations stay frozen on super Hubble scales during the
bounce, as shown in [72]: here, the computation was per-
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FIG. 13: Schematic of the nonsingular model proposed in [225], see also fig 12 (a). The initial conditions are chosen so that
the model starts in the matter dominated, contracting phase. The ekpyrotic phase of contraction is reached once φ takes over:
the energy density of the ekpyrotic scalar field grows faster than that of regular matter or anisotropy. The end of the ekpyrotic
phase signals the beginning of the bouncing phase, ghost condensation, which is followed by a fast-roll expansion and a final
transition to the expansion in a standard big bang cosmology.
formed in the harmonic gauge with a detailed discussion
of the validity of linear perturbation theory, see Sec. IV A.
5. Models based on T-duality in string theory
• S-brane models
String theory is a UV complete theory of quantum
gravity and as such, it provides a consistent framework
for model building. Hence, a cosmological model free of
singularities should be feasible via the incorporation of
fundamental duality symmetries and stringy degrees of
freedom in a time-dependent setting, see [66, 207–209]
and [217, 220, 374] for early work.
An example in type II superstring theory, N = (4, 0),
compactified to four dimensions entails a weakly coupled
string gas as a thermal component to enable a bounce
[66, 207, 208]. Such a nonsingular cosmological scenario
in dilaton gravity is usually hindered by the appearance
of Hagedorn instabilities, which occur at a critical tem-
perature close to the string scale, Tc ∼ 1/`s ∼ O(1015)
GeV (the Hagedorn Temperature), and signal non-trivial
phase transitions [375–378]. The Hagedorn singularity
as well as the big bang singularity can be resolved [66];
the nonsingular19 cosmological evolution is governed by a
phase transition, described in terms of a spacelike brane
(S-brane20), between two dual thermal phases.
19 The S-brane’s delta function source is a delta function in tem-
perature and thus, in time. Therefore, it does not constitute a
singularity with respect to curvature invariants, which we take
as the definition of a singular bounce. In essence, this delta func-
tion source is conceptually closer to the presence of D-branes and
indeed cosmological perturbations can be matched across the S-
brane unambiguously. The string theoretical description of the
S-brane bounce goes beyond the scope of this review and we refer
the interested reader to the original literature [66, 207, 208].
20 The S-brane may be viewed as a defect that interpolates between
the two distinct geometrical phases of the underlying conformal
field theory. At the level of the low energy effective description,
the condensate of massless states that appears at Tc forms a
short-lived, space-filling object, whose lifetime is comparable to
the temporal resolution of the EFT and is therefore modeled as a
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FIG. 14: A schematic of the temperature evolution in the S-brane bounce model: two dual regimes with a thermal string
gas, the expanding and contracting phases, are connected via an S-brane, which enables the violation of the NEC for a brief
period of time without introducing fatal instabilitites. The S-brane arises as a consequence of an extended symmetry once the
temperature approaches the critical (Hagedorn) temperature Tc [66, 209].
This setup realizes temperature duality (T-duality) of
string theory [66, 207–209]. The crucial component in
this scenario is a thermal string gas, see [188, 189] and
[19, 203, 206, 379–382] for reviews on string gas cosmol-
ogy and early work: light thermal momentum modes
and light thermal winding modes exchange roles via T-
duality. Near the critical temperature, new light degrees
of freedom appear due to an enhanced symmetry, giv-
ing rise to the S-brane which serves as a glue between
the two dual thermal phases. The S-brane has localized
(in time) negative pressure, but no energy density. It
thus violates the NEC in a controlled manner; in the low
energy description, the S-brane, which has a thickness
set by the string scale, can be treated as a δ-function
source in the Einstein equations. Since the violation of
the NEC is extremely brief, the instabilities hampering
a ghost-condensate bounce, see Sec. III C 2, are absent.
The action of the physical system in the string frame,
delta function. At the CFT level, an operator becomes marginal
at Tc which converts directly winding states into momentum ones
with a coefficient determining the efficiency of this interaction
proportional to α′.
denoted by a tilde, reads
S =
∫
d4x
√
−g˜e−2φ
(
R˜
2
+ 2∇˜µφ∇˜µφ
)
(76)
+
∫
d4x
√
−g˜P˜ −
∫
dβ˜d3ξ
√
γ˜e−2φκδ
(
β˜ − β˜c
)
,
where φ is the dilaton, g˜ is the determinant of the string
frame metric, R˜ is the corresponding Ricci scalar, P˜ ∝ T˜ 4
the pressure of the thermal string gas, γ˜ is the determi-
nant of the induced metric at the location of the S-brane,
κ is the brane tension and β˜ is the inverse of the tem-
perature. For more details see [66, 202, 208, 209]. Since
the thermal string gas has a constant equation of state,
it can be modeled by a derivatively coupled scalar field
via∫
d4x
√
−g˜P˜ =
∫
d4x
√
−g˜n∗σr(−∂µψ∂µψ)2 , (77)
where n∗ is the number of massless degrees of freedom
and σr is Boltzmann’s radiation constant. Hence, the
temperature is identified with
T˜ 2 = −g˜µν∂µψ∂νψ , (78)
a relation which continues to hold at the perturbed level.
The dilaton and the scale factor in the Einstein frame
reverse at the critical temperature Tc, with the latter’s
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bounce corresponding to a smooth reversal of contraction
to expansion so that the big bang curvature singularity
is absent; at the phase transition the dilaton attains its
maximal value, determined by the brane tension, the crit-
ical temperature Tc, and the number of thermally excited
massless degrees of freedom; as a consequence, the transi-
tion can take place entirely in the weakly coupled regime.
Each of the three phases, contraction, bounce and ex-
pansion, admits a local effective field theory description
[66]: the temperature in the contracting regime can be
identified with the inverse period of the Euclidean time
cycle, T = 1/(2piR). The expanding phase corresponds
to the dual of the contracting one with R˜ = R2c/R and
temperature T = 1/(2piR˜). Defining the thermal modu-
lus σ = ln(R/Rc), we have
1. Contraction: light thermal windings regime,
Rc/R  1, (σ < 0 and |σ|  1, i.e. large and
negative).
2. Bounce: enhanced symmetry regime – thermal
states become massless, |R/Rc −Rc/R|  1, (σ ∼
0).
3. Expansion: light thermal momenta regime,
R/Rc  1, (σ > 0 and σ  1, i.e. large and posi-
tive).
Fig. 14 shows a schematic representation of these phases.
To study fluctuations, one needs to perturb the metric
and the dilaton together with the thermal component.
Modeling the latter via a derivatively coupled scalar field
[1, 354, 383], the transition of fluctuations between con-
tracting and expanding phases is studied in [202]. Apply-
ing the Israel junction conditions [384], Sec. IV B 5, across
the S-brane, the curvature fluctuation ζ in the expanding
phase can be computed from the perturbations generated
via quantum fluctuations in the degrees of freedom dur-
ing the contracting phase. Incorporating a matter dom-
inated phase during contraction [373], a scale-invariant
spectrum of curvature perturbations can be generated at
late times. A tilt of the power-spectrum may result from
changes to the speed of sound caused by the dilaton ad-
mixture to the matter fluid, but a computation of this
effect has not been performed yet.
This implementation of a nonsingular bounce in string
theory is a promising proof of concept. However, the
current proposal suffers from several short-comings: for
instance, since no ekpyrotic phase is present, the BKL
instability commonly arises [350], see Sec. III B 2. It
may be problematic to incorporate an ekpyrotic field,
see Sec. III B 1, since its fast growing energy density
might dominate over the thermal component. It was
argued in [202] that the presence of kinetic energy in
the dilaton, which also redshifts as a−6, would alleviate
the problem to some degree. However, it is crucial that
the thermal component dominates during the bounce,
hence, fine-tuning appears unavoidable. Lastly, since the
temperature is usually very high, Tc ∼ 1/`s ∼ O(1015)
TH
T
ln r
T−dual Phase
FIG. 15: Schematic evolution of the temperature, red curve,
plotted over a dimensionless radius, r, in a toroidal com-
pactification of heterotic string theory in string-gas cosmol-
ogy. Perturbations are generated in the quasi-static Hagedorn
phase T ∼ TH, see [387] for a review. The transition from a
Hagedorn phase to a contracting expanding FLRW universe
cannot be computed within the realm of General Relativity
or dilaton gravity. T-duality, a non-perturbative symmetry
of string theory, indicates that this Hagedorn phase may be
incorporated into a bouncing universe via non-perturbative
techniques. In the T-dual description, string winding and mo-
mentum modes exchange roles and the scale factor is replaced
by its inverse.
GeV, thermal relics, such as gravitinos, and poten-
tially topological defects from phase transitions, such
as magnetic monopoles, may be produced [326] (see
Sec. III A 4), but this is model-dependent. In addition,
large non-Gaussianities may be produced [385, 386].
• A Hagedorn phase in string-gas cosmology
In a speculative, yet interesting proposal motivating
the above S-brane bounce, Brandenberger, Vafa and Nay-
eri [388, 389] (see [19, 387] for reviews and [206, 390] for
criticisms) attempted to generate a scale-invariant spec-
trum of density fluctuations via temperature fluctuations
during a quasi-static Hagedorn phase of a string gas com-
prised of closed heterotic strings21. If the dilaton and
all other moduli fields are assumed to be stabilized at
these high temperatures, the resulting spectrum is indeed
scale invariant. A tilt is introduced through the transi-
tion from the Hagedorn phase to a radiation dominated
expanding FLRW universe. This model may be viewed
as a bounce if a pre-Hagedorn phase is introduced via T-
duality, see Fig. 15. A concrete realization (that is free
21 The S-brane bounce has its roots in string-gas cosmology, but
operates in Type II string theory, opposite to the models of this
section in heterotic string theory. Note that the role of T-duality
also differs, as it involves the Euclidian time cycle in the S-brane
bounce, and the scale factor of a toroidal compactification in
string-gas cosmology.
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of ghosts) invokes an infinite number of higher derivative
interactions, see [68]. Alternatively, this proposal can be
seen as an emergent universe without a bounce.
This model also predicts an observably large gravita-
tional wave spectrum, similar to inflationary slow roll
models, but with a slight blue tilt [20, 204, 391, 392], op-
posite to the inflationary red one. Thus, this model may
be compatible with a high level of gravitational waves
such as claimed by BICEP2 [3, 393], see Eq. (146) below.
The string gas proposal has several points that need
be addressed:
• the flatness problem is not solved, but requires fine-
tuned initial conditions,
• a quantitative understanding of the Hagedorn
phase is incomplete, so that the transition from the
Hagedorn phase to a radiation-dominated FLRW
universe cannot yet be computed. Due to the high
temperature, TH ∼ TGUT, the use of General Rel-
ativity or dilaton gravity may not necessarily be
justified. A phenomenological proposal for a non-
singular, ghost free bounce induced by an infinite
series of higher derivative corrections was given in
[68]. If the Hagedorn phase is directly connected to
the expanding FLRW phase, one should expect the
over-production of thermal relics and topological
defects (if present in the spectrum of the theory)
from phase transitions, because the temperature is
so high, as pointed out by one of the authors of this
review in [326],
• keeping the dilaton dynamical, as one might expect
at these high energies, destroys the scale invariance
of this spectrum [390]. While dilaton gravity is
not expected to be applicable during the Hagedorn
phase, it is uncertain if all similar scalar quantities
can be frozen during this phase, see footnote 33
in Sec. VI B for the related challenges of moduli
stabilization.
IV. COSMOLOGICAL PERTURBATIONS
In addition to providing a solution to problems of
the big bang, a bounce should produce almost Gaussian
(i.e. with a low level of non-Gaussianities) perturbations
whose spectrum is nearly scale invariant and slightly red
in order to agree with current observations as revealed by
the PLANCK data [164, 165, 338]. Further, if the BICEP2
interpretation is confirmed, gravitational waves at the
level of r ∼ O(0.1) ought to be present at these scales
[3]. See however, [33, 34] for a study highlighting that
the polarization observed by BICEP2 might be caused by
dust instead of primordial gravitational waves.
Given that a bounce is feasible, the aforementioned
conditions impose severe constraints on the overall sce-
nario, particularly during the contracting phase. If only
a single degree of freedom is present in the contract-
ing phase, so that the perturbations are adiabatic, the
equation of state parameter must be w ∼ 0 in order to
generate a nearly scale-invariant power spectrum22 [394].
Models with w ≈ 0 are called “matter bounces” because
their equation of state mimics that of ordinary dust; it
does not imply the presence of actual matter, since such
an equation of state can also be achieved by a scalar
field oscillating in a quadratic potential. Alternatively,
a scale-invariant power spectrum can be generated by
an entropic mechanism, similar to the curvaton scenario,
see Sec. IV E. However, anisotropies/shear often arise, as
discussed in [50, 140, 371], which can spoil the bounce23
and/or the spectrum, see Sec. V. Entropic mechanisms
also generate non-Gaussianities via the conversion mech-
anism, which are in tension with current observational
limits, see Sec. IV E.
An equation of state parameter larger than unity dur-
ing the contraction (ekpyrotic phase) can prevent the
growth of anisotropy/shear. Models whereby the bounce
is realized via galileons, in which the Lagrangian contains
higher order derivatives, avoid the appearance of ghosts
while the extra additional degrees of freedom violate the
NEC. Promising models which address the anisotropy
problem in Galileon cosmology and might generate a
scale-invariant spectrum include [71, 225, 226, 366], see
Sec. II F.
Models with an ekpyrotic phase do not generate mea-
surable gravitational waves, whereas matter bounce mod-
els generically predict a tensor-to-scalar ratio in excess of
observational limits, see Sec. IV C.
In the subsequent sections we discuss cosmological per-
turbations (scalar and tensor) and non-Gaussianities in
a few concrete models. We do not aim to provide a com-
plete overview of all proposals, but deliberately focus on
some promising ones to explain the crucial steps of the
computations and highlight important results with broad
applicability.
A. The viability of perturbation theory in a
contracting universe
Is a perturbative analysis possible in nonsingular mod-
els? For singular models, such as the original ekpy-
rotic scenario, cosmological scalar perturbations diverge
as a → 0 [395], casting doubt on the perturbative treat-
ment. In such scenarios, it is understood that at some
point the 4D effective theory breaks down, and one has
to resort to the full description in string theory. One
might hope that the singularity and thus the divergence
22 A duality between contracting and inflating universes exists at
the level of the power spectrum, see [373].
23 The generating mechanism of a scale-invariant power spectrum
is essentially decoupled from the physics of the actual bounce.
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of perturbations is absent. However, merely going to the
higher dimensional setting, for example, in the ekpyrotic
universe [396], and properly incorporating metric pertur-
bations does not necessarily alleviate this problem, as
shown in [397]. A similar problem is present for vector
perturbations in a contracting universe [245].
For a nonsingular bounce, perturbations are not nec-
essarily divergent, but still strongly growing in the con-
tracting phase. The current lore in the literature is that
linear perturbation theory fails in some gauges, such as
the longitudinal [126, 395] and comoving ones [398], while
it remains valid in others, for example, in the uniform χ
field gauge [285]. As shown in [50, 371], the curvature
perturbation and anisotropy grow rapidly during con-
traction, casting doubt on the viability of perturbation
theory, see Sec. V.
One of the first occurrences where this problem sur-
faced was the pre-big bang scenario, see [45] for a review.
In [399] it was argued that one could go to a gauge where
scalar perturbations are at most logarithmically growing,
but it should be noted that the usual gauge invariant
variables still obey a power-law growth.
The question regarding the validity of the perturbative
linear regime during the bounce is particularly evident
in the longitudinal gauge due to the Newtonian poten-
tial’s rapidly growing mode [137] – the Newtonian po-
tential corresponds to the metric perturbation function
A in Eq. (83) below and equals the Bardeen Potential Φ
in this gauge [400]. However, this mode becomes a de-
caying one during the expansion phase, hinting that this
growth may be a gauge artifact and/or that Φ is not a
good tracer to check the validity of perturbation theory
(one may define non-divergent, gauge-invariant variables
by multiplying with appropriate background functions).
It is possible to find other gauges in which this growing
contribution is absent [285]. A generalization of these
ideas to a large class of models was attempted in [346],
where a set of conditions for linearity is obtained that al-
lows the perturbative series to be valid. The spectrum of
modes considered in [346] became frozen during a matter
dominated contracting phase, but the actual bounce was
kept general. The conditions in [346] arise by demanding
that all terms in the perturbed Einstein equations remain
small. One then obtains a set of conditions by requiring
the smallness of the perturbed volume expansion rate as
well as that of the second spatial derivative (the covari-
ant Laplacian with respect to the spatial metric) acting
on the two Newtonian potentials A and ψ in Eq. (83), as
well as the shear, which is set by the off-diagonal metric
perturbations. Of all the gauges considered in [346], the
synchronous gauge ensures that perturbations near the
bounce stay finite and small at all times [346].
This advantage of the synchronous gauge, as well as
the presence of a dynamic attractor in the ekpyrotic sce-
nario, was first pointed out in [137]. In the presence of
the aforementioned attractor, the cosmological solution
becomes locally homogeneous, isotropic and flat. Thus,
as long as the bounce is not sensitive to exponentially
small corrections, the bounce appears identical to every
observer. As a consequence, unambiguous predictions
can be made with respect to the spectrum of fluctuations.
Based on this method, Creminelli et al. [137] showed that
the original single field ekpyrotic model does not possess
a scale-invariant spectrum. It is further shown why the
Bardeen potential generically diverges, see Sec. IV B 3.
Linearity conditions can also be defined covariantly, as
in [401] for a radiation and dust-like single-fluid FLRW
background. It has been claimed in [401] that these con-
ditions are violated as the scale factor shrinks and the
bounce is approached. However, as shown in [347], the
conditions of [401] reduce to the ones in [346] and a vio-
lation of linear perturbations is not necessarily present.
Going beyond linear perturbation theory, a recent, in-
teresting and encouraging study of adiabatic perturba-
tions generated was performed in [368]. A simple model
of the bounce was used to follow perturbations through a
nonsingular matter-like contraction akin to [62, 285, 290],
see Sec. III C 2, the actual bounce and into an expan-
sion phase. The main goal of this study was to find
a well-behaved gauge in which a non-perturbative nu-
merical analysis can be performed. A pressing problem
preventing the use of constant mean curvature slices, as
commonly used in standard perturbative analysis, is that
these slices stop being space-like during the transitions to
the bouncing phase in the presence of inhomogeneities.
A possible way out is provided by the use of the harmonic
gauge, where coordinates satisfy the condition
∇α∇αxµ = 0 , (79)
which entails
gαβΓγαβ = 0 . (80)
In this gauge, coordinate singularities are absent during
the bouncing phase when a and H are non-monotonic.
Further, the equations of motion for metric components
are wave-like and thus easy to solve. In [368] results in
the harmonic gauge were also translated to the commonly
used non-linear generalization of the curvature perturba-
tion in the covariant formalism, ζ. At the time of writing,
the harmonic gauge appears to be the gauge of choice to
compute unambiguously the evolution of perturbations
in a bouncing universe.
The non-perturbative, numerical solutions in [368]
show that the universe does bounce in regions where the
universe is homogeneous and isotropic enough. More pre-
cisely, the universe undergoes a nonsingular bounce in
regions where the ratio between energy density in the
anisotropy ρθ [see Eq. (21)] and that of the field ρχ sat-
isfies, ∣∣∣∣ ρθρχ
∣∣∣∣ < 1. (81)
On the other hand, in regions where∣∣∣∣ ρθρχ
∣∣∣∣ > 1, (82)
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the universe crunches: since energy in the ghost field, ρχ,
drives the nonsingular bounce, and because it can never
catch up with ρθ, the universe in this particular region
collapses into a singularity.
If a nonsingular bounce takes place close to the criti-
cal ratio above, adiabatic modes are generically strongly
coupled during the bounce, which affects the power spec-
trum and may generate large non-Gaussianities. How-
ever, if the perturbations are of the same order as the ob-
served primordial ones, nonlinearities are unimportant,
the bounce is unscathed, and the strong coupling prob-
lem for super-Hubble modes does not arise. Thus, in this
case, the nonsingular bounce is not expected to lead to
large non-Gaussianities [368].
For more details on the use of the harmonic gauge see
[72], which makes contact to other commonly used gauges
and provides another application to the superbounce, see
Sec. III C 4: the validity of linear perturbation theory was
tested and it was confirmed that the equations of motion
for certain variables, such as the curvature perturbation
R in (84), contain singularities. However, in the har-
monic gauge, the relevant equations are nonsingular and
linear perturbation theory remains valid in this particu-
lar bounce model. Furthermore, it was found that long
wavelength perturbations are unaffected by the bounce;
hence, the pre-bounce power spectrum passes through
the bounce unaltered.
In the following, we focus on the generation mechanism
of a scale-invariant spectrum in the pre-bounce phase,
employing the curvature perturbation ζ. It should be un-
derstood that the harmonic gauge should be used to fol-
low the perturbations through the bounce, as mentioned
above, to check whether or not a spectrum survives in a
particular bouncing model of the universe.
B. Generating a nearly scale-invariant power
spectrum in a contracting universe
Measurements of the cosmic microwave background ra-
diation [164, 165, 338] reveal adiabatic, highly Gaussian
temperature fluctuations with a nearly scale-invariant
power spectrum. These fluctuations trace back to curva-
ture fluctuations that must have been generated during
a preceding inflationary or, as in our case, a contract-
ing phase of the early universe [154]. These fluctuations
need to show correlations on super-Hubble scales at the
time of decoupling, which can be achieved either during
a rapid accelerated expansion or a slow contraction, see
[148, 373] for a duality at the level of the power spec-
trum between these two options. For example, during an
ekpyrotic phase, quantum fluctuations cross the Hubble
scales and are converted into classical, local density per-
turbations. The scaling solution (31) shows that the scale
factor is almost constant, meaning that a mode’s wave-
length stays also constant. The Hubble length, H−1 ∼ t
(assuming the bounce to take place at t = 0), see Fig. 5,
shrinks as t → 0, so that any mode eventually becomes
super-Hubble close to the bounce.
We first provide a brief overview of cosmological per-
turbation theory [322, 402], following the review [44] in
order to set our notation and then proceed by provid-
ing the computation of the power spectrum in a two-field
ekpyrotic contracting universe as a concrete example of a
bouncing universe. This computation highlights the fail-
ure of single field models, since they carry a deep blue
spectral index, and explains the current preference of
two-field models, whereby scale-invariant perturbations
in an entropic field are subsequently converted to the
adiabatic mode. We also introduce the δN formalism for
our discussion of non-Gaussianities in Sec. IV E. In ad-
dition, we show how a scale-invariant spectrum can arise
in the adiabatic mode in a matter-dominated contract-
ing universe. We briefly explain the Deruelle-Mukhanov
matching conditions, which are invoked whenever dis-
tinct phases are attached to each other.
1. Basics of cosmological perturbation theory
Our goal is the computation of the gauge invariant, co-
moving curvature fluctuation ζ, which is commonly used
to impose observational bounds. Consider the perturbed
FLRW metric [2, 402], including only scalar degrees of
freedom,
ds2 = a2
{−(1 + 2A)dη2 + 2B,idηdxi
+ [(1− 2ψ) δij + 2E,ij ] dxidxj
}
, (83)
in conformal time. The four variables in the metric entail
two degrees of freedom and two gauge modes. A popular
choice is the Newtonian gauge where B = E = 0 so that
the gauge-invariant Bardeen potentials read Φ = A and
Ψ = ψ. The curvature perturbation on hypersurfaces
orthogonal to comoving worldlines is defined as
R ≡ ψ + H
φ˙
δφ , (84)
where δφ is the scalar field perturbation. This gauge-
invariant variable coincides with −ζ on large scales, see
Eq. (94) below. In Fourier space, one may define the
so-called Mukhanov-Sasaki variable
vk ≡ zδφk (85)
with
z ≡ a
√
2
H˙
H2
, (86)
and k the wavenumber (see Sec. V D for the inclusion
of a general speed of sound c
S
). In the following, we
provide expressions in the presence of many fields, which
we denote with a latin subscript I = 1 . . .N ; to avoid
clutter, we often skip the Fourier index k on variables.
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The curvature fluctuation ζ is easily expanded by means
of the δN formalism [403–408] as,
ζ '
∑
I
N IδφI +
1
2
∑
IJ
N IJδφIδφJ
+
1
3!
∑
IJK
N IJKδφIδφJδφK + · · · , (87)
where δφI ≡ δφI |ψ=0, N is the number of e-folds
N ≡
∫ tend
t
Hdt, (88)
using an initially flat hypersurface as well as a final
uniform density hypersurface, NI = ∂N/∂φI , NIJ =
∂2N/∂φI∂φJ , etc. and N
I = δIJNJ .
It is useful to introduce the gauge-invariant Mukhanov-
Sasaki variables
QI ≡ δφI + φ˙I
H
ψ , (89)
that satisfy the equations of motion in Fourier space
[409],
Q¨I+3HQ˙I+
k2
a2
QI+
∑
J
[
VIJ − 1
a3
(
a3
H
φ˙I φ˙J
).]
QJ = 0.
(90)
Sometimes, rescaled Mukhanov-Sasaki variables are de-
fined in the ψ = 0 gauge as uI ≡ aδφI . Note that in
models with only one scalar field and z ∝ a, the two
rescaled Mukhanov-Sasaki variables are proportional to
each other vk ∝ uk. These variables are defined such that
the friction term in their respective equations of motion
vanishes,
v′′k +
(
k2 − z
′′
z
)
vk = 0, (91)
where a prime denotes a derivative with respect to con-
formal time.
Useful relationships between these variables are
R ≡
∑
I
(
φ˙I∑
J φ˙
2
J
)
QI , (92)
and
R ≡ Ψ− H
H˙
(
Ψ˙ +HΦ
)
, (93)
−ζ = R+ 2ρ
3(ρ+ P )
(
k
aH
)2
Ψ. (94)
We freely switch betweenR and −ζ in what follows, since
we are only interested in the limit of large scales k  aH.
The power spectrum of curvature fluctuations is de-
fined as the Fourier transform of the 2-point function,
〈R(k1)R(k2)〉 ≡ (2pi)3δ(k1 + k2)PR(k1). (95)
One often defines a rescaled dimensionless power spec-
trum by
PR ≡ k
3
2pi2
PR(k) =
4pik3
(2pi)3
|R|2, (96)
whose amplitude satisfies the COBE normalization PR =
2.41× 10−9 [410] and we introduced the notation |R|2 ≡
PR. Using the δN formalism [411], one may also compute
the power spectrum via
Pζ =
∑
I
(δNI)
2PδφI |ψ=0, (97)
where
PδφI |ψ=0 ≡
4pik3
(2pi)3
∣∣∣uI
a
∣∣∣2 . (98)
The scalar spectral index ns is defined through
ns − 1 ≡ d lnPζ
d ln k
, (99)
which has to equal the PLANCK measurement ns =
0.9603 ± 0.0073 [338]. Thus, a blue power spectrum
(ns > 1), such as that obtained in the simplest matter
bounce, is ruled out.
Similarly, a tensor power spectrum can be defined, see
Sec. IV C, whose amplitude is usually constrained via the
tensor to scalar ratio
r ≡ PTPR , (100)
which has to satisfy r < 0.11, according to PLANCK [338]
and r = 0.2+0.07−0.05 if the BICEP2 interpretation of the data
is correct [3]. See however, [33, 34]
2. Two-field ekpyrosis
As we shall see, it is impossible to generate a scale-
invariant spectrum in the adiabatic mode during an ekpy-
rotic phase; this led to the investigation of two-field mod-
els [140]. Such scenarios are often natural in concrete
settings in string theory and supergravity, see [71] for a
recent example. The presence of at least two scalar fields
gives rise to isocurvature (entropy) perturbations, which,
in turn, can source curvature perturbations. Hence, if
the isocurvature perturbations acquire a nearly scale-
invariant spectrum, the curvature perturbations may in-
herit this spectrum via curvaton-like mechanisms, see
Sec. IV E [140, 141].
In what follows, we review the origin of scale-invariant
perturbations in an isocurvature mode during an ekpy-
rotic contracting phase. As a concrete example, consider
two scalar fields φI , I = 1, 2, with canonical kinetic terms
and an uncoupled, exponential potential
V = −
2∑
I=1
VIe
−cIφI , (101)
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where cI ≡
√
2/pI > 0 and VI > 0. The equations of
motion are
φ¨I + 3Hφ˙I = − dV
dφI
, (102)
and the Friedmann equations read,
3H2 = V +
2∑
I=1
1
2
φ˙2I , (103)
H˙ = −
2∑
I=1
1
2
φ˙2I . (104)
Eqs. (102–104) with potential (101) possess two attractor
solutions, each corresponding to a single field ekpyrotic
solution, whereby either φ1 or φ2 dominate. In addition
to these two attractor solutions, there is a third alter-
native where the ratio of the kinetic energy to potential
energy is constant; the adiabatic field along this trajec-
tory is not an attractor.
Following the review [44], let us define,
φ ≡ c2φ1 + c1φ2√
c21 + c
2
2
, (105)
and an isocurvature field perpendicular to it
ξ ≡ c1φ1 − c2φ2√
c21 + c
2
2
. (106)
The potential becomes
V = −U(ξ)e−cφ, (107)
where c−2 ≡ c−21 + c−22 and
U(ξ) = V1e
−(c1/c2)cξ + V2e(c2/c1)cξ, (108)
which has a maximum at
ξ0 =
1√
c21 + c
2
2
ln
(c21V1
c22V2
)
. (109)
The unstable solution corresponds to ξ = ξ0, while φ rolls
down the exponential potential in (101). The resulting
equation of state parameter satisfies w  1. For this
solution, φ is identical to the adiabatic field along the
trajectory,
φ ≡
∫ ∑
I
φˆI φ˙I dt, (110)
φˆI ≡ φ˙I√∑
J φ˙
2
J
, (111)
whereas ξ is the perpendicular isocurvature field.
The tachyonic instability in ξ gives rise to a scale-
invariant spectrum of perturbations in ξ in a contracting
universe24. We make the assumption that ξ stays close
to ξ0 throughout so that ξ˙ ≈ 0 and U(ξ) ≈ U(ξ0) =const.
The Friedmann equations leads to a power law contrac-
tion a ∝ (−t)p with p ≡ 2/c2  1. From here onwards,
we follow [163] (see also [412]) and switch back to con-
formal time η =
∫
a−1dt so that
a ∝ (−η)p/(1−p) ∝ (−η)1/(¯−1), (112)
with ¯ defined below through Eq. (118).
The Mukhanov-Sasaki variable for multiple fields is de-
fined in (89) and its equation of motion is given by (90).
In the ψ = 0 gauge, Qφ = δφ and Qξ = δξ. In terms of
these variables, the comoving curvature perturbation is
ζ =
∑
I φ˙IQI/
∑
J φ˙
2
J = Qφ/φ˙.
In the absence of a curved trajectory in field space,
there is no conversion of isocurvature modes into adia-
batic ones and the equations decouple: using ξ˙ = 0 and
V,ξ = 0 in Eq. (90), we obtain
0 = δξ¨ + 3Hδξ˙ +
(
k2
a2
+ V,ξξ
)
δξ, (113)
0 = δφ¨+ 3Hδφ˙+
[
k2
a2
+ V,φφ +
1
a3
(
a3
H
φ˙2
).]
δφ.
(114)
Working in conformal time and making use of uξ ≡ aδξ
and uφ ≡ aδφ, the equations above reduce to
u′′I +
(
k2 − βI
η2
)
uI = 0, (115)
with I = χ, φ and
βξ ≡ 2¯
2 − 7¯+ 2
(¯− 1)2 , (116)
βφ ≡ 2− ¯
(¯− 1)2 , (117)
where we introduced
¯ ≡ 3
2
(1 + w) =
1
p
=
1
2
 1, (118)
with the fast roll parameter defined in (27). Imposing the
Bunch-Davies vacuum initial conditions well inside the
Hubble radius k2η2  βI so that βI can be neglected,
we have
uI =
1√
2k
[
b (k) e−ikη + b† (k) eikη
]
, (119)
where b satisfies 〈b(k)b†(−k˜)〉 = δ3(k − k˜). Keeping the
βI term in the equation of motion we obtain
uI =
√
−kη
[
C(k)H(1)νI (−kη) + C∗(−k)H(2)νI (−kη)
]
,
(120)
24 Setting initial conditions to this solution may appear fine-tuned,
but can be natural in the framework of the Phœnix universe, see
Sec. III A 5
39
where H
(1,2)
νI are Hankel functions of the first and second
kind respectively, with index
νI =
1
2
√
1 + 4βI . (121)
Expanding the Hankel functions for large arguments we
can match uI from (119) and (120) to determine C as
C(k) =
√
pi
4k
e
ipi
4 (2νI+1)b(k). (122)
After Hubble crossing we can use the small argument
limit of the Hankel functions to arrive at
uI =
1√
4pik
2νIΓ(νI)(−kη) 12−νI b˜(k), (123)
where
b˜(k) ≡ 1
i
[
e
ipi
4 (2νI+1)b(k)− e− ipi4 (2νI+1)b+(−k)
]
. (124)
The power spectrum in (98) becomes
PI = 4pik
3
(2pi)3
1
a2
|uI |2, (125)
so that we can read off the scalar spectral indices
nI − 1 ≡ d lnPI
d ln k
= 3− 2|νI |. (126)
Further expanding νI from (121) and (117) in terms of
the fast roll parameter we obtain the spectral indices
nφ − 1 ' 2 + 4, (127)
nξ − 1 ' 4. (128)
The adiabatic mode carries a deep blue spectrum as in
single field ekpyrosis25 [157] and the isocurvature mode
carries a small blue tilt, respectively. By choosing a
slightly more complicated potential than the choice made
in (101) one may also generate a slightly red spectrum
for the isocurvature field [171], see also [141, 142]. To re-
iterate, the isocurvature fluctuations still need to be con-
verted into adiabatic ones in realistic models (Sec. IV E),
and to be passed through the bouncing phase to the ex-
panding one.
25 Since these modes are not amplified and thus their wavefunc-
tion is not squeezed, it has been argued that they cannot be
described classically, as pointed out in [138]. As a result, the ap-
plication of matching conditions, as delineated in Sec. IV B 5, to
the ekpyrotic scenario, would be flawed. In the entropic mecha-
nism, perturbations become classical and the conversion process
causes super-Hubble perturbations to fully decohere [139]; the
lack of amplification, and thus squeezing, of gravitational waves
in ekpyrotic scenarios casts doubts on treating the latter classi-
cally, as done in Sec. IV C and [413]. A study for gravitational
waves similar to [139] has not yet been performed.
3. The growing mode in the Newtonian gauge
As explained in Sec. IV A, the Bardeen potential Φ
commonly grows very large or even diverges as the
bounce is approached, which is easy to see. For instance,
using the same scaling solution as in the previous sec-
tion, valid for the ekpyrotic scenario, (31), the equation
of motion for Φ becomes [148]
Φ¨ +
2 + p
t
Φ˙ +
k2
(t/t0)
2pΦ = 0. (129)
The properly normalized solution is
Φ(τ) =
p
√
pi
2a(1− p)√2k
[
J 1+p
2−2p
(−kτ)
√−kτ + i
Y 1+p
2−2p
(−kτ)
√−kτ
]
,
(130)
where we used similar steps as in the previous section;
hence, at late times
Φ ∼ k(−3/2−p)t1−p + k(−1/2+p)tp0 . (131)
Evidently, the first term diverges as the bounce is ap-
proached, indicating that the Newtonian gauge should
not be used close to the bounce. As we saw in Sec. IV A,
one should use the harmonic gauge to unambiguously
follow perturbations through the bounce. Nevertheless,
familiar gauges, such as the Newtonian one, can be used
in the pre-bounce phase.
4. Adiabatic fluctuations in a matter bounce
Instead of relying on an entropic mechanism, one may
also generate a scale-invariant spectrum directly in the
adiabatic mode if the background evolution conforms to
a matter dominated phase [394]. Cosmological models in
which the contraction phase is dominated by a dust-like
fluid leading to such a spectrum were studied in [126,
134, 136, 148, 157, 373, 395, 414–417].
To understand the origin of the scale-invariant spec-
trum, consider Eq. (115) for a single degree of freedom.
If the scale factor evolves according to
a ∝ (−t)p, (132)
one arrives at
ν =
1− 3p
2(1− p) . (133)
Since the scalar spectral index in (126) reads
ns − 1 = 3− 2|ν|, (134)
we need ν = 3/2 in order to get a scale-invariant spec-
trum. This corresponds to p = 2/3, that is, a matter
dominated contracting phase. Such a phase need not be
dominated by actual dust, but could be mimicked by an
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oscillating scalar field in a quadratic potential. The lat-
ter can also accommodate a slightly red spectrum by al-
tering the potential [373]. This matter bounce was first
proposed in [373, 394, 418]. Thus, there are two ways
of getting a scale-invariant spectrum in the contracting
phase: the matter bounce and the entropic mechanism
discussed in Sec. IV E.
Models that use the matter bounce to obtain a scale-
invariant spectrum include the Horˇava-Lifshitz bounce,
the Quintom bounce, the ghost-condensate bounce, and
the stringy S-Brane bounce of Sec. III C 5. See Sec. II for
an overview and [224] for a review.
5. Matching conditions
In this section we sketch the Deruelle-Mukhanov
matching conditions for cosmological perturbations in an
FLRW universe at a sharp transition [51, 384, 419]. At
the hypersurface of the transition, the induced metric is
continuous and the extrinsic curvature jumps according
to the surface tension. In an ever-expanding or contract-
ing FLRW setting and a simple jump in the equation of
state parameter, they entail the continuity of the Hub-
ble parameter and the scale factor at the background
level. Furthermore, these conditions provide matching
conditions for perturbations of the metric, as well as the
perturbed energy momentum tensor. For details we refer
the interested reader to the textbooks [1, 2].
These matching conditions are often crucial in nonsin-
gular as well as singular bouncing models. For example,
matching perturbations across the singular bounce in the
original ekpyrotic scenario [48] was performed in [394] in
the effective 4D description. However, since the singu-
larity is not resolved, ambiguities remain, which led to
an extensive discussion of the proper matching condi-
tions for a singular set-up. For example, [394] argued,
based on [51, 384], that only the decaying mode in the
contracting phase couples to the dominant one in the ex-
panding phase. In general, k−mode mixing is present in
bouncing scenarios so that both modes, the subdominant
and dominant ones, of the contracting universe determine
the dominant mode (the relevant one as far as present-
day observations are concerned) in the expanding phase
[148]26.
In nonsingular set-ups, matching conditions are gen-
erally unnecessary because the evolution of perturba-
tions can be followed, at least numerically, through-
out the nonsingular bounce. However, to gain an an-
alytic understanding of the resulting power spectrum
and its sensitivity to model parameters, matching con-
26 Following [49], we call k−mode mixing the mixture of both dom-
inant and sub-dominant (growing and decaying in the inflation
literature) modes at fixed scale k in order to avoid confusion with
higher order mixing terms involving different scales.
ditions are often invoked to stitch together distinct ana-
lytic approximations covering the contracting phase, the
bounce and the expanding phase. The application of
the matching conditions in [51] requires the specification
of a scalar quantity that determines the position of the
transitional hypersurface. Once this quantity is speci-
fied, no ambiguities remain. Applications include Refs.
[109, 134, 304, 397, 420].
Recently, in [202], the perturbations across the S-brane
bounce have been matched via these junction conditions
[51, 384]. The scalar quantities determining the location
of the S-brane is the temperature, i.e. the value of the
thermal scalar potential φ as established in Sec. III C 5,
Eq. (76). The junction conditions entail
1. continuity of the scale factor of the 3-dimensional
spatial metric in the string frame,
2. continuity of its time derivative,
3. continuity of the dilaton,
4. discontinuous jump of the dilaton’s time derivative,
set by the brane tension.
Applications of these conditions lead, after a straightfor-
ward but tedious computation, to the power spectrum
of the curvature perturbation after the bounce in terms
of pre-bounce quantities. It should be noted that the
matching is performed during the contracting and ex-
panding phase respectively, not across the actual bounce.
Provided the conditions under which it applies are valid,
a point that needs be checked for each individual model
independently, this matching is therefore no different
than matching perturbations over the transition from
a radiation dominated expanding universe to a matter
dominated one and does not entail the ambiguities which
hampered the original ekpyrotic scenario, see Sec. IV F.
We discussed in Sec. IV A that certain gauges can be-
come ill-defined in a nonsingular bounce. As a conse-
quence, the computation in [202] was performed in sev-
eral gauges and no gauge dependence was found.
C. The primordial tensor spectrum in an ekpyrotic
universe and a matter bounce
Tensor perturbations hij are the gravitational degrees
of freedom, commonly called gravitational waves. They
evolve independently of linear scalar and vector pertur-
bations. The corresponding perturbed FLRW space time
is described by the line element, see [44] for a review,
ds2 = −dt2 + a2(δij + hij)dxidxj . (135)
Tensor perturbations, hij are tranverse ∂
ihij = 0, trace-
free δijhij = 0, and gauge invariant. Arbitrary ten-
sor perturbations can be decomposed into eigenmodes
of the spatial Laplacian ∇2eij = −k2eij , with comoving
wavenumber k and scalar amplitude h(t),
hij = h(t)e
(+,×)
ij (x), (136)
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FIG. 16: The ekpyrotic/cyclic model’s prediction of the
present day dimensionless strain, ∆h(k, τ0), generated during
the ekpyrotic phase, taken from [413]. The obtained gravity
wave density needs to be four orders of magnitude below the
BBN bound, which leads to unobservably small tensor modes
on CMBR scales. Hence, an observation of a primordial tensor
to scalar ratio of r ≈ 0.2 is incompatible with this generation
mechanism. LISA and LIGO bounds were estimates at the
time [413] was published.
where + and × denote the two possible polarization
states. The equation of motion for the amplitude is
h¨+ 3Hh˙+
k2
a2
h = 0, (137)
and the tensor power spectrum is defined as
PT ≡ |∆h(k, τ)|2 ≡ 2
4pik3
(2pi)3
|h|2, (138)
where the extra factor of 2 arises from the addition of the
two independent polarizations of the graviton (135). The
quantity ∆h(k, τ) is sometimes called the dimensionless
strain. Eq. (137) can be written in terms of
u =
ah
2
, (139)
leading to a mode evolution similar to that of the
Mukhanov-Sasaki variable (91), i.e.
u′′ +
(
k2 − a
′′
a
)
u = 0, (140)
where the prime denotes a derivative with respect to con-
formal time η.
Following the computation in [413]27 during the ekpy-
rotic phase, and using the solution (31), leading to (112)
and (118), we can write the general solution of (140) as
u(τ) =
√
y
2
[
A1(k)H
(1)
ν
T
(y) +A2(k)H
(2)
ν
T
(y)
]
, (141)
where A1,2(k) are constants, H
(1,2)
ν
T
are the Hankel func-
tions of order ν
T
≈ 1/2−p, with p = 2/c2, y ≡ −k(η−ηek)
and we ignore terms of order 1/p; here, ηek is the confor-
mal time at which the potential would have reached −∞
if it would not have bent up again, see Fig. 10. The con-
stants are determined by matching this solution to the
Minkowski vacuum, leading to
A1(k) =
1
2
√
pi
k
and A2(k) = 0. (142)
The resulting tensor power spectrum is deeply blue, op-
posite to that obtained during a phase of inflation: P
T
∝
|kη|3−2νT so that nT , defined as nT ≡ d lnPT/d ln k, be-
comes
n
T
= 3− 2ν
T
= 2 + 2p, (143)
which should be compared to the inflationary slow roll
result nSR
T
= −2SR.
After the ekpyrotic phase, a kinetic-driven contract-
ing phase, the bounce and a kinetic-driven expanding
phase follow, before the universe becomes radiation dom-
inated. Solving the equations of motion (140) in these
regimes, using the Deruelle-Mukhanov matching condi-
tions (Sec. IV B 5), as well as using the radiation trans-
fer functions, enables the computation of the ekpyrotic
gravitational wave spectrum today, leading to the plot
in Fig. 16 taken from [413]. Contrary to the inflationary
strain, which falls off, the ekpyrotic strain becomes more
important for increasing k (smaller wavelenghts) due to
the deeply blue spectrum.
Fig. 16 shows that the big-bang nucleosynthesis bound
is the strongest one: requiring that the energy density
in gravitational waves leaves the successful predictions of
BBN unaffected requires that the gravitational wave con-
tribution on CMBR scales is unobservably small, many
orders of magnitude below the inflationary slow roll pre-
diction. Other bounds from direct detection experiments,
such as LIGO, are much weaker, albeit still sufficient
to suppress the gravitational wave spectrum on CMBR
scales.
Above we considered the generation of gravitational
waves induced by quantum fluctuations, which turned
out to be unobservably small. In this case, the dominant
source for gravitational waves are second order effects,
whereby hij is sourced by scalar fluctuations [421].
27 We fixed a typo in the background solution of [413].
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The BICEP2 preliminary detection of gravitational
waves [3, 393] of28
r =
P
T
Pζ = 0.2
+0.07
−0.05, (144)
along with the COBE normalization for the power spec-
trum [44], would, if confirmed, lead to
∆h ≈ 2× 10−5, (145)
which is far above the ekpyrotic/cyclic contribution, see
Fig. 16; thus, the cyclic model and any other one using
an ekpyrotic phase would be ruled out if no other source
for primordial gravitational waves at CMBR scales were
present. If future experiments refute the BICEP2 claims
and reveal no nearly scale-invariant, first order tensor
spectrum, but a measurable scalar induced, second order
tensor spectrum instead, inflation would be in trouble
and alternative models, such as the ekpyrotic/cyclic ones
would be favored [421]. For a comparison of the spec-
trum of scalar induced tensors with gravitational waves
generated during inflation and current and future exper-
iments see Fig. 4 of [421], which is not only based on
analytic estimates, but also a full numerical analysis.
Since gravitational waves depend only on the back-
ground scale factor, as shown in Eq. (140), it is hard to
imagine a mechanism in a contracting universe with an
ekpyrotic phase that could lead to such a large level of
gravitational waves on CMBR scales, yet unobservable
ones on BBN scales. It has been speculated [172] that
additional gravitational waves may be generated during
phase transitions, from topological defects or during the
bounce, within the confines of cyclic/ekpyrotic cosmol-
ogy, but no concrete mechanisms have been investigated.
If fluctuations crossed the potential a′′/a during a mat-
ter dominated phase, as in the matter bounce scenario of
Sec. IV B 4, the spectrum of gravitational waves is scale
invariant with a considerably higher tensor-to-scalar ra-
tio of about r ∼ O(30) [284, 285]. Thus, instead of be-
ing unobservable, such matter bounce scenarios produce
gravitational waves in excess of current bounds. Mecha-
nisms to lower this ratio may be possible [284], but they
have not been investigated thoroughly yet.
On the other hand, a potential observation of grav-
itational waves at BICEP2 levels is consistent with the
simplest large field models of single field slow roll infla-
tion, r = 16SR. See [422] for the first computation of
tensor modes during inflation.
As we will see in Sec. IV B 5, the ekpyrotic phase ap-
pears to be necessary to prevent BKL instabilities, see
Sec. III B 2, and enable a smooth bounce. Thus, an ob-
servation of gravitational waves is a severe challenge for
any bounce.
28 This value still contains foregrounds, which have been argued
to be subdominant [33, 34], but might still lower the primordial
value by a factor of order one or more.
D. BICEP2
The BICEP2 collaboration [3, 393] has created the
deepest polarization maps ever made and have detected
a large-angle primordial B-mode polarization in the
CMBR. After the subtraction of the foreground, the data
shows a value of29
r =
PT
Pζ = 0.2
+0.07
−0.05, (146)
at a 68% CL. The value of r in (146) is the tensor fraction
evaluated on scales xlss/100 . k−1 . xlss and xlss = 14
Gpc is the distance to the last-scattering surface [3, 393].
The uncertainty is only statistical and it is possible that
the emission from unaccounted foregrounds such as dust
accounts for all or some of the observed polarization.
The BICEP2 collaboration claims to have used the least
noise contaminated region in the sky; the analysis incor-
porated polarized foreground mapping with an assumed
maximum of 20% foreground contamination. The im-
plications of this result, if confirmed, is set to have pro-
found consequences to our understanding of the universe.
If these fluctuations are proven to have been sourced by
cosmological tensor modes, a large number of cosmologi-
cal models would be ruled out. Due to the importance of
such a result, there has been a heated debate of whether
the signal is due to foreground dust or not. Using pre-
liminary maps from PLANCK, Mortonson et al. [34] and
Flauger et al. [33] give an estimate of the dust polariza-
tion contamination, which, extrapolated to the BICEP2
patch, could account for the B-mode signal detected by
BICEP2. Due to the uncertainties in the amplitude of the
dust polarization at the frequencies utilized by BICEP2 it
is not possible to conclude whether the signal is due to
polarized dust or gravitational waves. In support of this
claim, the PLANCK collaboration [425] team published
results stating that the polarized thermal emission from
Galactic dust is the main foreground present in measure-
ments of the polarization of the CMBR at frequencies
above 100 GHz. Colley and Gott [426] analyzed the genus
topology of the BICEP2 B-modes in the BICEP2 region
from the publicly available Q and U at 353 GHz prelimi-
nary PLANCK polarization maps and concluded that they
have a primordial origin. This debate is ongoing, but
should be resolved once the additional data from the fu-
ture Keck Array observations at 100 GHz and PLANCK
observations at higher frequencies become available.
29 This is in tension with PLANCK’s upper bound on r < 0.11 at
95% confidence [338, 423]. Though, arguments that BICEP2 and
PLANCK are not in conflict have been put forward in [424].
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FIG. 17: Common shape configurations of the bispectrum
in (148) [9].
E. Non-Gaussianities
Higher order correlation functions, particularly the 3-
point function, provide a measure of non-Gaussianities,
see [406, 408, 427, 428] for reviews. Since the 3-point
function vanishes identically for a Gaussian spectrum, it
is ideally suited as a measure for non-Gaussianities. The
corresponding bispectrum BR(k1, k2, k3) is defined via
〈R(k1)R(k2)R(k3)〉 = (2pi)3δ (k1 + k2 + k3)BR. (147)
Since the full bispectrum is not currently accessible by
measurements, bounds are commonly imposed onto cer-
tain triangle configurations of the wave-numbers. The
amplitude of particular configurations is given by non-
linearity parameters fNL , which can be defined as
〈R(k1)R(k2)R(k3)〉 = 3(2pi)
7
10
δ3 (k) f
NL
P2R(k)
∑
i k
3
i
Πjk3j
.
(148)
Common configurations include the local shape (k3 
k1, k2) and the equilateral shape (k1 = k2 = k3) among
others [429] such as the folded or orthogonal shapes [9,
430], see Fig. 17. Current bounds set by PLANCK are
[431],
f local
NL
= 2.7± 5.8, (149)
f equil
NL
= −42± 75,
fortho
NL
= −25± 39 ,
(68% CL) which are consistent with a Gaussian (all non-
linearity parameters vanish) spectrum. Such suppressed
non-Gaussianities are consistent with the prediction in
canonical, single field, slow-roll models of inflation [432,
433]. For instance, the squeezed limit of the three-point
function,
〈R(k1)R(k2)R(k3)〉 = (2pi)3δ(k)(1− ns)P (k1)P (k3),
(150)
is proportional to ns − 1 and is therefore heavily sup-
pressed [434]. Larger non-Gaussianities are expected in
bouncing models, since models are of the fast-roll type,
entropy perturbations are present, and the non-trivial
bounce physics may affect the computation.
Within the δN formalism, the local non-linearity pa-
rameter can be computed as
6
5
f local
NL
=
NINJN
IJ
(NKNK)2
, (151)
which often offers a simple means of estimating non-
Gaussianities. For higher order correlation functions see
[9].
We have seen in Sec. IV B 2 how the ekpyrotic phase
can generate a nearly scale-invariant spectrum of pertur-
bations in an isocurvature field which may be transferred
to the curvature perturbation by curvaton-like mecha-
nisms [156, 157, 435–438]. Here we would like to explore
whether non-Gaussianities are generated and how they
compare to current bounds, such as those of Eq. (149).
Typically, the conversion mechanism in ekpy-
rotic/cyclic models generate non-Gaussianity of the local
type [429] that is considerably larger than in inflation-
ary models, but non-Gaussianities below current bounds
are possible [171, 172], see also Sec. IV E 4. The latter
models, dubbed non-minimal entropic, are based on re-
placing the tachyonic isocurvature field during the ekpy-
rotic phase, which we focus on in the following, by a
non-minimally coupled entropic field as first proposed in
[169, 170]. These models still encompass non-Gaussianity
from the conversion mechanism.
Entropy perturbations are generated during the ekpy-
rotic phase when the potentials are of the form shown in
Fig. 10; in a two-field model, the single entropy pertur-
bation δξ exemplifies the perturbation orthogonal to the
trajectory in field space, see Fig. 18 and Fig. 19. In order
to transfer a scale-invariant spectrum of δξ, see (128), to
the curvature perturbation, several concrete mechanisms
have been proposed:
1. a bending of the trajectory caused by falling off the
ridge in the potential in (101) [160],
2. a bending caused by the reflection on a sharp
boundary in field space [167],
3. a conversion after the bounce caused by modulated
instant preheating [163].
In the following paragraphs we summarize the contri-
bution due to these mechanisms. It should be noted that
predictions for non-linearity parameters can change by
factors of order one during (p)reheating if an adiabatic
regime has not been reached previously [439, 440]; that
non-gaussianities are subject to change and often tran-
sient as long as the adiabatic regime is not reached was
pointed out in [428, 441] see also [442] for subsequent
work.
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FIG. 18: A turn in field space may arise due to the ekpyrotic potential: as the fields need to follow the ridge of the potential
in order to yield a scale-invariant spectrum, see Sec. IV E 2, a bend in the trajectory can occur naturally by falling off such a
ridge towards the end of the ekpyrotic phase. However, the generated non-Gaussianities in (152) are in excess of current limits
[164, 165]. Further, a cyclic model is impossible if this conversion mechanism is employed.
Further, the actual bounce may also contribute to non-
Gaussianities, as pointed out in [385] by one of the au-
thors of this review and collaborators; this case study is
based on a curvature-dominated bounce. However, it can
be argued that results are more general [443] since the in-
gredients leading to a bounce summarized in this review
require fields or fluids that violate the NEC. Generically,
this intrinsic contribution appears to be far in excess of
current bounds, hence possibly providing stringent con-
straints on bouncing scenarios.
1. A bending of the trajectory caused by falling off the ridge
in the potential
In the ekpyrotic scenario, for fast roll to occur, the
exponent c in (101) has to be large during the ekpy-
rotic phase. A conversion during the ekpyrotic phase, by
means of the background trajectory falling off the ridge
of the potential, as illustrated in Fig. 18, leads to a local
non-linearity parameter of order [160],
f local
NL
= − 5
15
c2i < 0 =⇒ |f localNL |  1, (152)
which can be computed by evaluating (151), as well as
the particular background solution providing the volume
expansion rate N(ξ); the index i denotes the field that
freezes in the late-time single field solution. Such a large
and negative contribution imposes severe constraints on
the relevant scenario.
2. A bending caused by the reflection on a sharp boundary
in field space
A bending of the trajectory in field space in the four
dimensional effective theory that induces a conversion of
entropy to curvature perturbations occurs naturally in
the cyclic model [141]. The change in the trajectory is
due to a negative-tension brane bouncing off a spacetime
singularity, before collision with a positive-tension brane
[161]. After an ekpyrotic phase, an estimate of the non-
Gaussianity gives [167]
|f
NL
| ∼ O(ci) 1, (153)
where i = 1, 2, and ci are the exponents in (101); see
Fig. 19 for an illustration. An updated discussion in [152]
showed that values for f
NL
can be smaller and of order
f
NL
∼ V ′′′/V ′′, where a ′ denotes a derivative in the
entropy direction. Often, models such as this one are in
tension with the PLANCK data.
A computation of the ekpyrotic trispectrum [444] gen-
erated during a conversion in the ekpyrotic phase, as in
the previous section, or a subsequent conversion via the
above mechanism, leads to a distinct large contribution,
which could be used to tell ekpyrotic models apart from
inflationary ones, if it were observed.
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3. A conversion after the bounce caused by modulated
instant preheating
A conversion after a bounce via modulated preheating
is also possible; for example, perturbations can be im-
printed during modulated instant preheating [163, 445].
The local non-linearity parameter is set by the depen-
dence of the coupling constant between the bosonic pre-
heat matter field, ξpr, and a fermionic degree of freedom
on the isocurvature field, Lint = −h(ξ)ξprψψ¯ resulting in
f
NL
=
5
9
(
1− γ2
γ21
)
, (154)
where
γn ≡ 1
h
∂nh
∂ξn
∣∣∣∣
tkHc1
. (155)
As a result, the non-linearity parameter is of O(1) with-
out fine-tuning and certain h(ξ) are already constrained
by PLANCK [164, 165].
4. Non-Gaussianities in other proposals
A model which does not generate large intrinsic non-
Gaussianities is that based on a non-minimal entropic
mechanism [171, 172], following the model introduced in
[169, 170]. It employs a second scalar, which does not
contribute to the potential, but is non-minimally cou-
pled to the ekpyrotic scalar φ in its kinetic function. In
contrast to standard entropic mechanisms, there are no
non-Gaussianities generated during the ekpyrotic phase
at leading order. The authors evaluate the contribution
to curvature perturbations sourced by entropy perturba-
tions at second order within different phases: first, the
contribution to the curvature perturbation from entropy
perturbations during the ekpyrotic phase – these are non-
existent; second, the introduction of a time-varying equa-
tion of state, as required to end the ekpyrotic phase,
gives perfectly Gaussian entropy perturbations and van-
ishing curvature perturbations; third, a conversion from
entropy to curvature perturbations, including a bend in
the trajectory at the end of the ekpyrotic phase, or a con-
version at the bounce via modulated (p)reheating. The
magnitude of non-Gaussianities is dependent on the non-
linearity of the conversion mechanism, as explained in the
previous sections, and thus model dependent, but it can
be below the bounds imposed by PLANCK.
Non-Gaussianities in a nonsingular matter bounce were
studied in [228]. The matter bounce referred to here deals
with fluctuations generated as quantum vacuum pertur-
bations which exit the Hubble radius during a matter-
dominated contracting phase [285, 323, 373, 394]. The
amplitude and shape of the three-point function is com-
puted. The local non-linearity parameter arising from
the adiabatic mode is f local
NL
= −35/8 ' −4.3. Its large
value, compared to inflationary predictions, is caused by
the growth of adiabatic fluctuations after Hubble cross-
ing during the contracting phase. As with the pertur-
bation spectrum itself, in order to compare the non-
Gaussianities, here calculated in the contracting phase,
with actual observations, one needs to evaluate how they
pass through the bounce itself. This is the subject of the
following section.
F. Getting perturbations through a bounce
In order to agree with observations, it is often assumed
that a nearly scale-invariant spectrum of curvature per-
turbations ζ is generated during the contracting phase; in
Sec. IV B we discussed several possible ways to generate
such a scale-invariant spectrum. However, the question
remains whether it emerges unscathed after the bounce.
After Hubble crossing, ζ is frozen, at least as long as
the evolution takes place during an adiabatic regime.
However, as the bounce is approached, modes become
sub-Hubble again between ηhc−entry and η
(2)
hc , see Fig. 5
and Fig. 20; during this interval, modes can evolve in a
way that differs from their “frozen” super-Hubble evo-
lution, requiring a careful analysis of the perturbations
during the actual bounce. If the bounce is fast enough,
the naive intuition that perturbations are left unchanged
can be correct, but counter examples exist (and in par-
ticular, the idea according to which scales larger than the
bounce duration cannot be affected for “causality” rea-
sons is wrong, as the horizon is made much larger than
any relevant scale [324]).
To illustrate possible stumbling blocks, consider the
original ekpyrotic scenario [148] as a case study, where
it was shown that the Bardeen potential Φ inherits a
scale-invariant spectrum, and it was argued that it re-
mains unaltered during the bounce [148]. This argument
was based on the fact that the dominant mode30 of the
Bardeen potential carries the desired spectrum. In this
scenario the pre- and post-bounce solutions are glued
together at some hypersurface. The resulting matching
conditions in [148] were criticized in [127]. If one employs
the Deruelle-Mukhanov matching conditions [51, 419] on
a constant field hypersurface, one finds that the dominant
mode in the contracting phase only couples to the sub-
dominant one after the bounce [134]. See also [446, 447].
As a consequence, as we have seen in Sec. IV B 2, the
curvature fluctuation ζ inherits a blue spectrum [157].
Evidently, the resulting spectrum depends crucially on
the type of matching surface [136]. In addition, some
variables may become singular, as pointed out in [395],
30 In an expanding or contracting universe, the second order dif-
ferential equation of a perturbation variable has two solutions,
a dominant and a sub-dominant one, the latter, by definition,
becoming less and less important as time progresses. This is not
always the case, as discussed in Sec. V.
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FIG. 19: Schematic of the trajectory in field space during the kinetic phase. The entropy perturbation orthogonal to the
trajectory’s projection, dashed line, is denoted as δξ; The sharp turn caused by a steep wall in field space [167] converts
the entropy mode into perturbations tangential to the trajectory, namely into the adiabatic mode δφ. Non-Gaussianities are
naturally of O(10) [167] and therefore in tension with PLANCK’s results [164, 165]. A cyclic model, as in the Phœnix universe,
is possible.
see Sec. IV A.
In a nonsingular bounce, certain variables may still
grow sufficiently large as to eventually behave in a non-
perturbative way, but the resulting spectrum of cosmo-
logical fluctuations is at least in principle unambigu-
ous: one simply needs to follow a well-behaved fluctu-
ation variable throughout the bounce (or perform a non-
perturbative analysis). In general, the curvature fluc-
tuation ζ after the bounce inherits components from
both modes, dominant and sub-dominant, of the con-
tracting phase in varying degrees. The detailed form
of this k−mode mixing matrix is model dependent, see
[49, 305, 448].
This problem does not arise for tensor modes since
those always remain below their potential, i.e. a′′/a, as
shown in Eq. (140) and Fig. 5. Thus, the spectrum of
gravitational waves is largely insensitive to the bounce.
In the next section we discuss potentially dangerous
instabilities, in particular the possible regrowth of the
sub-dominant mode during the contracting phase in spe-
cific models.
V. POTENTIALLY FATAL EFFECTS
UNDERMINING NONSINGULAR MODELS
We follow [50, 349, 371] to investigate four effects that
can undermine the success of nonsingular models:
A. unstable growth of curvature fluctuations in the
adiabatic mode,
B. growth of quantum induced anisotropy for vector
perturbations and scalar shear,
C. regrowth of initial anisotropy as sub-dominant
modes become dominant,
D. gravitational instability during the bounce,
Throughout this section, we work in the framework of
the new ekpyrotic scenario as a concrete case study and
use the following notation: P (X) is the kinetic function,
X ≡ 12 φ˙2, T is the kinetic energy, and a subscript “c” as
in Xc denotes the ghost condensate point. We assume
that the ghost condensation occurs for small X, so that
the kinetic energy is vastly smaller during the bounce
than at the end of the ekpyrotic phase. A subscript 1
denotes any time during the bounce, ζadiab and ζs are
the adiabatic curvature perturbation and the curvature
perturbation generated via the entropic mechanism re-
spectively. We call Nk the number of e-folds of ekpyrosis
left after the mode with wavenumber k has crossed the
Hubble radius and N is the total number of e-folds during
the ekpyrotic phase. The shear is σ: σv is the vector per-
turbation arising from the shear perturbation σsij and σ
s
is the scalar part of the shear in the synchronous gauge.
The beginning and end of a bounce phase are represented
respectively as Bbeg and Bend. Similarly, “ek− beg” and
“ek− end” denote the beginning and end of the ekpy-
rotic phase, while tBbeg and tBend denote the beginning
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FIG. 20: Dangerous instabilities undermining a nonsingular bounce according to [371]. Here, N ≡ ln(aek−beg/aek−end) is the
total number of e-folds during the ekpyrotic phase and Nk ≡ ln(a(1)hc /aek−end) is the number of e-folds of ekpyrosis left after
the mode with wavenumber k has crossed the Hubble scale. The beginning and end of the ekpyrotic phase are represented by
tek−beg and tek−end respectively, while tBbeg and tBend denote the beginning and end of the bouncing phase. The modes first
leave the Hubble length at t
(1)
hc , re-enter at thc−entry and leave the Hubble radius for a second time at t
(2)
hc .
and end of the bouncing phase. In [371], the instabilities
are considered only in the contracting phase. Our no-
tation differs from [371] as we consider contraction and
expansion. The reader should take note that some of
these problems can be avoided if ghost condensation oc-
curs for large X, as in the matter bounce model described
in Sec. III C 3.
A. Unstable growth of curvature fluctuations
The potentially unstable growth of curvature pertur-
bations in nonsingular bouncing models may endanger
their validity [50, 371]. This threat comes in the form of
a subdominant adiabatic mode that crosses its potential
before the ekpyrotic phase is over, grows exponentially
and ultimately gives rise to a blue spectrum, precluding
the scale-invariant contribution to the temperature fluc-
tuations in the CMBR. To see how this happens, we want
to compare the resulting adiabatic perturbations to the
isocurvature ones, by calculating the evolution ofR in the
transition phase between the ekpyrotic and the bouncing
one. The comoving curvature perturbations Rk, labeled
by the comoving wave number k, obey the equations of
motion,
R′′k + 2
z′
z
R′k + c2Sk2Rk = 0 , (156)
where z ≡ a
√
2H˙/c2
S
H2. The sound speed is
c2
S
=
P,X
2XP,XX + P,X
≈ 1 . (157)
For small k, the solution to (156) is
Rk = C1(k) + C2(k)
∫
dη
z2
, (158)
where C1 ∼ 1/
√
k and C2 ∼
√
k; the first term of (158) is
a constant solution with a blue spectrum; the second one
is a decaying solution with a bluer spectrum and always
ignored. Following [50, 371] we look at the second, inte-
gral term to show how this initially sub-dominant term
can be amplified to eventually dominate over isocurva-
ture perturbations; plugging in z, we have
Radiabk = C2(k)
∫
dη
z2
= C2(k)
∫
c2
S
H2
a2(−2H˙)dη . (159)
Using (157) along with H˙ = −XP,X and T,X = P,X +
2XP,XX as detailed in [371], the adiabatic contribution
to the curvature perturbation
Radiabk ≈
C2(k)
3a3ek−end
Vc
(−V,φc)
1√
2Xc
, (160)
is greatly amplified. The ratio of this mode to the cur-
vature perturbation Rs produced via the entropic mech-
anism is
Radiab
Rs ∼ e
N−2Nk , (161)
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where Nk is the number of e-folds of ekpyrosis left after
the mode with wavenumber k has crossed the Hubble
scale and N is the total number of e-folds during the
ekpyrotic phase.
Since Nk ∼ 10 for modes observable in the CMBR,
this regrowth of perturbations can be problematic for
N & 60. One might hope to alleviate this problem by
making −V,φc/Vc exponentially large; however, this is
impossible for modes observed in the CMBR due to the
COBE normalization, see (173) where the exponential
ekpyrotic potential in (26) is used. Other solutions to
this problem must therefore be found.
B. Growth of quantum induced anisotropy
Starting with a homogeneous universe, do vector per-
turbations and scalar shear perturbations generated by
quantum fluctuations dominate the energy density and
prevent a nonsingular bounce? Under approximations
made specifically for a bounce generated via a ghost con-
densate, namely, that both T , the kinetic energy and
X = φ˙2/2 are monotonically decreasing, and V,φ ≈ V,φc
as well as T ≈ 2XP,X , the Friedmann equations during
the bouncing phase
3H2 = ρφ + σ
2 ≈ T + Vc + σ2, (162)
H˙ = −XP,X − σ2 ≈ −T
2
− σ2, (163)
show that indeed it would be hard to get rid of shear per-
turbations σ2. The potential energy at which the NEC is
violated is denoted by Vc and P (X) is the kinetic term.
Assuming that X and thus T is monotonically decreasing
during the bounce, one can derive a necessary condition
for a ghost condensate to occur by requiring that H2
vanishes at some point. Taking into account anisotropy
σ one needs to have,
σ21 .
|T1|
2
e
−2ρ1
|T1| −1, (164)
for some time t1 during the bounce. If this bound is
satisfied, the BKL-unstable behavior is avoided and a
smooth bounce results, whereas a violation most likely
indicates a failed bounce. It is expected that a similar
condition has to be satisfied for any type of nonsingular
bounce [371].
To investigate sources of anisotropy, consider the gen-
eral perturbed metric, containing vector and tensor
modes as well as scalars,
ds2 = a2(η)
{−(1 + 2A)dη2 + 2 (B,i + Si) dηdxi
+ [(1− 2ψ) δij + 2E,ij + 2Fij + hij ] dxidxj
}
.(165)
There are two common ways in which anisotropies arise
[371]. The first stems from non-zero, gauge-invariant vec-
tor perturbations arising from the shear perturbation at
constant time hypersurfaces,
σvi ≡ F ′i − Si , (166)
which grow as the scale factor decreases during the ekpy-
rotic phase as [245]
σvi ∝
1
a2
. (167)
However, if we start with a universe initially devoid of
vector perturbations and only scalars are present, this
hurdle can be overcome as scalars do not source vector
perturbations [245]. This is possible as vector perturba-
tions, not being dynamical in this context, do not need
to have non-vanishing initial conditions coming from,
e.g. quantum vacuum fluctuations. The second source
of anisotropies is due to the equation of state parame-
ter w passing through −1. The scalar part of the shear
perturbation is
σsij = a
[(
E′,ij −B,ij
)− 1
3
δij∇2 (E′ −B)
]
≡ a
(
σs,ij −
1
3
δij∇2σs
)
. (168)
Unlike σv, σs is not gauge invariant and its evolution is
coupled to the comoving curvature pertubation ζ. This
would imply that the comoving shear and curvature per-
turbations feed off each other and grow from quantum
fluctuations. However, in the synchronous gauge, ζ and
the shear perturbation stay small throughout the con-
tracting phase till near the bounce. The comoving and
synchronous shear perturbations, σc and σs, are related,
so that one can translate one to the other [371].
In the synchronous gauge31 one obtains
σ(s)ij =
1
a
[
σ(s),ij − 1
3
δij∇2σ(s)
]
∝ 1
a3
, (169)
which shows similar growth as the shear from vector per-
turbations in (167). Since scalar shear perturbations are
continuously sourced during the contraction, this shear
cannot be fined tuned away. A lower estimate of the shear
anisotropy at the end of the bounce can be computed via
the self-correlation function of σs integrated from modes
that are deeply blue to modes that are above their po-
tential till near the bounce [371],
〈(σs)2〉Bend ∼
a6Bbeg
a6t=0
e2NH4ek−end. (170)
Here, t = 0 denotes the turnaround between contraction
and expansion. Consider a case study where the bounce
is produced via a ghost condensate. In order to overcome
the anisotropy, the condition for a bounce within this
model is (164), which requires that
σ2t=0 .
|Tt=0|2
2Vc
e−1 ∼ Vc
2e
, (171)
31 The subscript ·(s) denotes the synchronous gauge, whereas, the
superscript ·s denotes the scalar part of the shear.
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which can be satisfied only if (recall we are using units
in which the reduced Planck mass is unity)
Vc . e−4N . (172)
This value is in contradiction with the potential energy
required by COBE at the ekpyrotic phase [141],
Vc ∼ 3pVek−end ∼ p2 × 10−6, (173)
where p ∼ 10−2 sets the exponent of the ekpyrotic poten-
tial in (26) [449]. As such, the anisotropy arising from the
scalar shear can dominate the energy density before the
bounce, leading to BKL-like contractions, and prevent a
bounce.
Working in the synchronous gauge, the computation
stays perturbative (in contrast to the comoving gauge
perturbation calculation), but the final result is still
gauge dependent. In [371] it was checked that the bounce
is spoiled in two other gauges, the uniform Hubble gauge
and the longitudinal gauge. In the latter, shear is absent,
but the bounce is still spoiled by the appearance of large
velocity perturbations. Hence, although it appears that
this problem is physical, a full gauge-invariant computa-
tion has not been performed yet, so no definite conclusion
can be drawn.
C. Regrowth of initial anisotropy
A detailed analysis of a ghost condensate-mediated
bouncing phase in [50, 349, 371] shows that the initial
anisotropy originally quelled during the ekpyrotic phase
overtakes the scalar field energy when w < −1 during
the bouncing phase. Following the ekpyrotic phase, the
curvature and anisotropy are suppressed by
H2ek−end
H2ek−beg
≡ e2N . (174)
To quantify the duration of the bounce, Xue et al. [371]
studied three different stages: at the beginning of the
bounce the kinetic energy is negligible and |H| ≈ |Hc| =√
Vc/3. Subsequently, the friction term becomes dom-
inant due to an increase in the negative kinetic energy.
Close to the bounce T ≈ −Vc, but since the Hubble rate is
small, friction is again negligible. Of these three phases,
the first and third ones are brief. Thus, the duration of
the bounce phase can be approximated by
∆Tb ≈ −tBbeg ≈ N
3Hc
, (175)
where H2c = Vc/3. This result shows that it is not pos-
sible to complete the bounce in just a few Hubble times,
leading to a growth of anisotropies. Hence, the scale fac-
tor a(t) scales as
a ∝ |T |−1/3, (176)
and it contracts as
at=0
aBbeg
=
∣∣∣∣TBendTt=0
∣∣∣∣− 13 . e− 13N . (177)
Therefore anisotropies increase by a factor of
σ2t=0
σ2Bbeg
& e2N , (178)
which cancel the original anisotropy suppression experi-
enced during ekpyrotic phase (174). As such, anisotropy
persists, undermining the bouncing phase of the model
at hand, unless the initial anisotropy is fine-tuned to,
σ2ek−beg . Xc . (179)
This regrowth of anisotropy appears generic in models
containing a prolonged friction-dominated phase with
T < 0 as evident from equations (177) and (178). See
section III A 5 for an example of how the cyclic universe
eradicates the initial anisotropy via the presence of a
Dark Energy phase before the ekpyrotic one.
D. Gravitational instability
During the bounce, modes re-enter the Hubble sphere
briefly, where they may grow unstable if c2
S
< 0. The
latter is not a necessary condition for a bounce to occur,
but it is often the case. The presence of an instability
becomes evident by considering the equation of motion
of the Mukhanov-Sasaki variable
v′′k +
(
c2
S
k2 − z
′′
z
)
vk = 0 , (180)
where vk = zRk. If we let
|c2
S
k2| >
∣∣∣∣z′′z
∣∣∣∣ , (181)
then
v′′k + c
2
S
k2vk = 0 , (182)
can be solved to
vk ∝ e|cS |k∆ηvk0 . (183)
The resulting instability could be alleviated if |c2
S
| were
sufficiently small and/or the bounce duration in confor-
mal time ∆η were not too large.
For a bounce mediated via a ghost condensate, the
time interval inside the Hubble radius,
|cS |k∆η ∼ |cS |e−
N
3 −Nk , (184)
represents a problem for modes with Nk < N/3. Hence
to avoid the instability, the speed of sound has to be
|c2
S
| . e− 23N . (185)
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VI. TOPICS FOR FUTURE RESEARCH
INTEREST
The attempts to investigate bouncing cosmologies as
an alternative to the inflationary paradigm have been
riddled with difficulties, roadblocks and no-go theorems.
As a consequence, models have become rather compli-
cated to avoid the many pitfalls. Nevertheless, use of
newly proposed ingredients such as galileons or string
gases have led to a few models that, although not free of
problems, appear promising and thus offer some hope.
We hope to have given a critical, yet unbiased assess-
ment of failures and successes. Focusing on the few sur-
viving candidates, again all based on a classical descrip-
tion of gravity, we would like to outline a possible road-
map for future research that might be of interest to sci-
entists working on bouncing cosmologies.
A. Preheating and reheating
The nature of reheating the early Universe is an active
area of research in inflationary cosmology with a long
history [44, 450]. See for example [451] for recent work
on perturbative reheating after multi-field inflation and
[452, 453] for preheating in DBI inflation. Reheating is
a process whereby the cold post-inflationary universe at-
tains the high temperature needed for nucleosynthesis.
The inflaton decay can occur either perturbatively or via
instabilities and/or resonances as in preheating. Pertur-
bative reheating is almost always hampered by the in-
complete decay of the inflaton which may spoil nucleosyn-
thesis [454]. Most studies of preheating focus on canon-
ical scalar fields [163, 455], but little attention has been
paid to the decay of non-standard fields such as scalars
with more general kinetic terms or galileons, among oth-
ers. Notable exceptions are a study of preheating in DBI
inflation based on lattice simulations [456] as well as the
rapid decay of a galileon in galileon genesis [457]. An-
other focus has been reheating in Starobinsky’s model
of R2-inflation [43, 458] as well as in models of Higgs
inflation [459] and the MSSM [460].
In the framework of cosmic bounces, this phase has
hardly been studied at all, since the bounce physics itself
was poorly understood. Early ideas entail the transfer of
kinetic energy during the brane collision in singular ekpy-
rotic models [129, 154], the transfer of the ghost conden-
sate potential energy due to a steep drop of the potential
and the assumed coupling to other degrees of freedom
in new ekpyrosis [142], or the application of inflation-
ary reheating/preheating lore after a bounce [163]. In
the context of a nonsingular bounce with a matter dom-
inated contracting phase caused by an oscillating scalar
field, stochastic resonance, i.e. preheating, was studied in
[330], where it was shown that preheating can be more
efficient: resonances can commence in the contracting,
matter dominated phase and continue throughout the
bounce, in effect doubling the period of preheating. How-
ever, only canonical scalar fields were considered for pre-
heating dynamics, leaving the NEC violating field out of
this process. In the framework of a singular bounce medi-
ated by a brane collision, it was speculated that the pres-
ence of additional light degrees of freedom before a sin-
gular bounce would render the bounce nonsingular and
reheat the universe subsequently via the intermediately
produced light degrees of freedom. The S-brane bounce
may be viewed as a realization of this idea.
While several mechanisms to generate a nearly scale-
invariant spectrum of perturbations are known, and mod-
els differ in this regard, we have encountered only two dis-
tinct avenues of inducing a nonsingular classical bounce
without introducing fatal instabilities (but not entirely
devoid of problems):
1. via a galileon/ghost condensate, as in the matter
bounce scenario [225], the super-bounce [71] or the
non-minimal entropic bounce [169, 170],
2. via a thermal string gas in the S-brane bounce
[202] or the Hagedorn phase in string gas cosmology
[388].
In either case, (p)reheating has not been studied, but it
is possible to identify the challenges ahead.
In the first case (employing galileons/ghost conden-
sates), it is necessary to ensure that any coupling to
matter fields does not lead to a premature decay of the
bounce-inducing ingredient, while ensuring that it decays
sufficiently before nucleosynthesis. Since it is unknown if
preheating dynamics are operational for galileons, studies
investigating preheating should be conducted, including
lattice simulations if preheating is feasible. Further, in
the presence of additional isocuvature fields that carry
the scale-invariant spectrum, their decay products have
to dominate over the galileon’s. Once a better under-
standing of the thermal history is available, the presence
of thermal relics and the effect onto non-Gaussianities
will have to be investigated.
In the second case, a thermal component, a string gas
modeled by a scalar in the S-brane bounce, is present,
with a temperature close to the Hagedorn one. Naively,
one should expect the production of a large number of dif-
ferent particle species in this regime, not only standard
model ones. Thus, it is crucial to identify mechanisms
that predominately lead to standard model particles af-
ter the bounce. The production of thermal relics, such as
gravitinos, at these high temperatures is an example of
this challenge, see Sec. III A 4. In addition, while it can
be argued that the thermal string gas may be modeled
by a scalar field at the background and even the per-
turbed level, it is probably an oversimplification to use
such a setup to discuss (p)reheating dynamics, much like
effective single field models of inflation are insufficient to
study preheating [455].
Evidently, reheating emerges as one of the most chal-
lenging and ill-understood regimes of bouncing cosmolo-
gies, even more so than in inflationary setups, offering
many new challenges for future research.
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B. An implementation within string theory
Great advances have been made to implement infla-
tionary cosmology in string theory, see. e.g. [12, 461–
463] for reviews. Crucial components of any implemen-
tation are the identification of the dynamical degrees of
freedom with their microphysical counterparts, such as
a brane separation turning into an inflaton, as well as a
thorough understanding of moduli stabilization32, such
as the shape and size of extra dimensions. The inflaton
potential’s sensitivity to quantum corrections emerged as
a roadblock for many setups, which led to a preference
of small field models or highly symmetric scenarios such
as monodromy inflation [465].
For bouncing cosmologies we are just at the beginning
stages of finding implementations within string theory.
Since galileon models emerged over the last few years
as promising phenomenological candidates to provide a
well-behaved cosmological bounce, the logical next step
should be to find concrete realizations of galileons in
string theory. In that regard the construction of a super-
symmetric version of a galileon setup as provided in [71]
is encouraging. Furthermore, once methods of realizing
galileons in string theory are found, suitable potentials
have to be devised. Only after such an implementation
is found can questions pertaining to moduli stabilization
or quantum corrections be addressed. However, these
models do not generate measurable primordial gravita-
tional waves on CMBR scales and would therefore be
ruled out if the BICEP2 result stands the test of time and
no additional mechanism to generate gravitational waves
is present.
A model incorporating stringy degrees of freedom to
generate a bounce has been proposed in [202] (the S-
brane bounce) making use of a string gas. Here the main
simplification consists of a gas approximation, which is
further approximated by modeling the thermal string gas
by a scalar field. Furthermore, the study stayed at the
level of the 4D effective theory. All of these approxi-
mations should be relaxed. In the framework of string
gas cosmology, the dynamics of toroidal internal dimen-
sions can be discussed in the framework of dilaton grav-
ity [205]. However, since the bounce takes place in the
Hagedorn regime, any discussion of moduli stabilization
is daunting33.
If bouncing cosmology is to provide an alternative to
32 For a recent assessment on moduli stabilization in Type IIB
string theory, see [464], where necessary conditions at the full
10D level were derived.
33 It has been proposed to use the string gas to stabilize internal
dimensions as well as the dilaton [466–470], see also [471–475].
This proposal works within dilaton gravity and is not necessarily
valid in the Hagedorn regime. Furthermore, since string gases
redshift like matter, this stabilization mechanism is problematic
at late times [476], particularly in the presence of a cosmological
constant [477].
the inflationary paradigm, and if string theory is the cor-
rect way to describe physics at the highest energy level,
then considerable improvements have to be made to im-
plement them in string theory. To this end, a resolu-
tion of the singularity should take center-stage. Only if
such a resolution is achieved will we be able to assess
whether a galileon bounce, a string gas bounce, or a sin-
gular antigravity bounce can provide a good description
of the early Universe.
C. Spatial curvature and non-Gaussianities
Spatial curvature is often neglected, and indeed, we
mostly assumed K = 0 throughout this review. The
usual argument for this choice, apart from the obser-
vational fact that curvature is negligible today, is that
it should not dominate during a bouncing phase. The
equivalent energy density being K/a2, curvature is al-
ways subdominant in the Friedmann Eqs. (6) when com-
pared to dust (ρm ∝ a−3), radiation (ρr ∝ a−4) and
in particular the shear (ρθ ∝ a−6), as discussed in
Sec. III B 1, when a → 0. Now let the energy den-
sity near the bounce consist in two pieces, ρ+ > 0 and
ρ− < 0 say, where ρ− denotes the component whose neg-
ative contribution during the bouncing phase allows for
the bounce to actually take place in the framework of
GR. The Friedmann equation for the background (6),
if valid until the bounce, shows two possibilities: either
|ρ−| ' ρ+  K/a2, in which case the curvature con-
tribution is indeed negligible at all times, including the
bounce itself, or K/a2 ' ρ+ ' |ρ−| , i.e. all terms
are of the same order of magnitude. In the latter case,
the curvature contribution cannot be neglected, and the
Friedmann equation then serves to determine the actual
value of the scale factor at the bounce. Although per-
haps very contrived and fine-tuned, this is the case we
now consider for the sake of completeness.
Even though it can be written as a perfect fluid with
equation of state parameter w = −1/3 in the background
equations, curvature is actually not a fluid and cannot be
perturbed; as a consequence, it does not entail any dy-
namical degrees of freedom at the perturbed level, but if
K 6= 0, conservation laws, such as that of the curvature
perturbation ζ, are not generically valid. As a conse-
quence, new variables should be considered instead, such
as the BST curvature variable ζBST [478]: although the
“pure” curvature perturbation ζ is no longer conserved
in the presence of spatial curvature, the new quantity,
which reduces to the former in the limit K → 0, can be
conserved on super Hubble scales under specific condi-
tions which do not necessarily hold in a bouncing sce-
nario [324, 479]. One can note at this point that in the
so-called K−bounce scenario in [479], for instance, the
bounce is explicitly performed in a spatially curved uni-
verse, the K → 0 limit being assumed regular; it might
not necessarily be a valid assumption depending on the
specific form of the action [367].
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How spatial curvature can drastically modify a model’s
prediction is illustrated in [22, 49]: here, a simple bounc-
ing model is considered, based on a scalar field and cur-
vature. The former has a potential whose maximum is
reached at the bounce, which is canceled by the curva-
ture contribution, such that H → 0 without violating the
NEC. As a result, many instabilities are avoided by con-
struction. The effective potential entering the equations
of motion for perturbations is strongly model-dependent.
Furthermore, the amplitude and the spectral index of
curvature fluctuations strongly depend on dynamics dur-
ing the bounce. Thus, the mere presence of a curvature
term can imply that the observed spectrum is not neces-
sarily the one produced during the contracting phase.
The situation can be even more problematic if non-
linear terms in the perturbative expansion are considered:
for the same model, an almost de Sitter bounce can be
a strong producer of non-Gaussianities, as shown by one
of the authors of this review and collaborators in [385].
As a result, the prediction of non-Gaussianities based on
pre-bounce physics, as in [228], may not be sufficient.
The latter would indicate that non-Gaussianities from
the matter bounce are usually small, while the former
would predict exactly the opposite.
As we have seen, curvaton-like models already pro-
duced reasonably large non-Gaussianities from the con-
version mechanism. If their amplitude remains unaf-
fected by the bounce physics, they can still be affected by
the subsequent phase of (p)reheating, which can change
not only the amplitude but also the sign of non-linearity
parameters [439, 440, 480]. Thus, as highlighted above, a
thorough understanding of preheating is essential for any
comparison of predictions with current and forthcoming
high-precision data.
D. Primordial gravitational waves
Primordial gravitational waves have been propagating
undisturbed to us since their formation and particularly
after decoupling, some 380, 000 years after the big bang.
On their way, they have imprinted a particular signal
on the CMBR, which induces vorticity in the polariza-
tion field. This polarization pattern consists of a B-mode
component at angular degree that cannot be generated by
primordial density perturbations. The amplitude of this
signal is given by the tensor to scalar ratio, r, a function
of the energy scale of inflation. The BICEP2 experiment
[3] claims to have observed such gravitational waves, and
if the interpretation of this result is confirmed indepen-
dently by other experiments at different frequencies and
on different patches on the sky, this would support infla-
tion as the standard paradigm of the early Universe, see
Sec. IV D for a summary of the ongoing debate. Indeed,
inflation predicts gravitational waves with amplitudes de-
termined by the energy scale at which inflation happened
[44, 422],
ρ1/4 = 2.2× 1016GeV
( r
0.2
)1/4
, (186)
where ρ is the energy density at the time of inflation.
Hence, according to this observation, inflation took place
around the GUT scale. In addition, however, via the
Lyth bound [481], the arc length of the inflationary tra-
jectory would have to be super-Planckian
∆φ > M
Pl
, (187)
thus potentially raising theoretical questions regarding
the use classical GR at this stage.
As we have seen in Sec. IV C, the primordial gravi-
tational wave spectrum generated during an ekpyrotic
phase, that is a slow contraction, is blue with a strongly
suppressed amplitude. Since all of the promising pro-
posals include such a contracting phase, with the excep-
tion of the S-brane bounce and the Hagedorn bounce by
T-duality in string gas cosmology, see Sec. III C 5, they
would be ruled out in the absence of any additional mech-
anism to yield such a primordial gravitational wave spec-
trum. While an ekpyrotic phase was not incorporated
in the S-brane bounce, the latter suffers from instability
problems, see Sec. III B 2, exactly due to the absence of
an ekpyrotic phase. If we ignore these problems and focus
on a matter dominated contracting phase, see Sec. IV B 4,
the spectrum of gravitational waves is scale invariant but
can be in excess of current bounds r ∼ O(30) [284, 285].
Thus, only a few models are potentially in agreement
with the BICEP2 experiment: the string gas model (the
Hagedorn bounce, not the S-brane bounce) sketched in
Sec. III C 5 (see however [390]), the matter bounce curva-
ton [482] and the new matter bounce [483], since they can
accommodate the indicated amplitude of gravitational
waves. String gas cosmology also predicts that the tensor
spectral index is blue, opposite to the red one in infla-
tionary cosmology, so that one may be able to discrim-
inate between these frameworks. The Hagedorn bounce
however has its own problems for the reasons previously
discussed (flatness, relic problem, etc. ).
All in all, it appears that most classical gravity based
bouncing models might be in trouble for one reason or
another (e.g. the observed red tilt in the spectrum, the
lack of non-Gaussianities, primordial tensor modes, some
questions of stability and background compatibility), so
that the search for a complete model is ongoing. Quan-
tum gravity effects, viewed from this perspective, could
provide more effective solutions in the future.
To alleviate the difficulties highlighted in this review
often requires complicating the model. The fact that a
working model is complicated does not necessarily mean
that it is incorrect vis-a`-vis the way the Universe actually
evolved; although Ockham’s razor demands that we look
for a simple theoretical framework, it does not imply that
53
a model’s veracity relies on its simplicity. For example,
as Copernicus proposed the heliocentric model in lieu of
Ptolemic’s geocentric one, he included more epicycles due
to his insistence on using circular orbits. Thus, his model
could have been the victim to Ockham’s razor. Only sub-
sequent improvements to his model, particularly the use
of ellipses, led to the simple Keplerian model we know
today, which is still an approximation to the full solution
in General Relativity. Bouncing cosmologies may be at
a similar stage, where simplicity, if present, is not yet
apparent. Thus, we should strive to extract distinct pre-
dictions of bouncing cosmologies and confront them with
experiments, while simultaneously aiming to improve the
conceptual underpinning. We hope the present review of
pros and cons can be helpful in achieving these goals.
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